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ABSTRACT. The delineation of gene function has always been an intensive subject of investigations. 
Recent advances in the synthesis and chemistry of oligonucleotides have now made these molecules 
important tools to study and identify gene function and regulation. Modulation of gene expression using 
oligonucleotides has been targeted at different levels of the cellular machinery. Triplex forming 
oligonucleotides, as well as peptide nucleic acids, have been used to inhibit gene expression «the Jeve o 
transcription; after binding of these specific oligonucleotides, conformational change of the DNA s helical 
structure prevents any further DNA/protein interactions necessary for efficient transcription. Gene 
regulation can also be achieved by targeting the translation of mRNAs. Antisense . oligonucleotides i have been 
used to down-regulate mRNA expression by annealing to specific and determined region of an mRNA, thus 
inhibiting its translation by the cellular machinery. The exact mechanism of th.s type of inhibition is still 
under intense investigation and is thought to be related to the activation of RNase H, a nbonuclease that is 
widely available that can cleave the RNA/DNA duplex, thus making it inactive. Another well-characterized 
means of interfering with the translation of mRNAs is the use of ribozymes. Ribozymes are small catalytic 
RNAs that possess both site specificity and cleavage capability for an mRNA substrate, inhibiting any further 
protein formation. This review describes how these different oligonucleotides can be used to define gene 
function and discusses in detail their chemical structure, mechanism of action, advantages and disadvantages, 
and their applications. Pharmacol, ther. 74(3): 317-332, 1997. © 1997 Elsevier Science Inc. 

KEY WORDS. Review, oligonucleotide, antisense, ribozyme, triplex, cancer. 



CONTENTS 

1. Introduction 317 

2. Triplex DNA 318 

2.1. Chemical structure 

and biology 319 

2.2.. Mechanism of action 319 

2.3. Limitations 319 

2.4. Modifications 320 

.2.5. In vitro studies 320 

3. ANTISENSE THERAPY 321 

3.1. Chemical structure 
and biology 322 

3.2. Mechanism of action 322 

ABBREVIATIONS. ALL, acute lymphocytic leukemia; ASO, antisense oligonucleotide; CML, chronic myelog- 
enous leukemia; FGF, fibroblast growth factor; HDV, hepatitis delta virus; HIV, human imnuincdefic.ency virus; 
HPV, human papillomavirus; MDR, multidrug resistance; ODN, oligodeoxynucleot.de; PDGF. platelet-derived 
growth factor; PKC, protein kinase C; PNA, peptide nucleic acid; PTR pleiotrophin; TFO, triplex forming oil- 

gonucleotide. 



3.3. Limitations 322 

3.4. Modifications 323 

3.5. Disadvantages 323 

3.6. Applications 323 

Ribozymes 324 

4.1. Mechanism of action 324 

4.2. Structure and biology 324 

4.3. Applications 326 

Conclusion 327 

Acknowledgments 328 

References 328 



4. 



5. 



1. INTRODUCTION 

Research over the last several decades has made tremen- 
dous strides in the identification of the human genome. Ba- 
sic to this understanding is that cellular DNA serves as a 
template for the multitude of cellular functions. Genetic in- 
formation is manifested by DNA translation into func- 
tional proteins through the intermediate RNA. This has 
led to new concepts in the pathogenesis of disease. Many 
disease processes have been identified as having a genetic 
basis, either inherited or acquired. This information has 
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and will lead to new and innovative therapies to treat these 
processes, based on the identified genetic 'flaw' or omission. 
Recent studies have defined the molecular basis for cell 
growth and differentiation (for reviews, see Cantley et al , 
1991; Hunter, 1991; Roberts, 1992; Egan and Weinberg, 
1993). Cellular growth and proliferation are initiated by a 
cascade of signal transduction events and are tightly regu- 
lated by proto-oncogenes and tumor suppressor genes. The 
etiology of carcinogenesis is increasingly being understood 
to be the abnormal expression of proto-oncogenes and tu- 
mor suppressor genes. Oncogenes are normally present 
within the cell as proto-oncogenes. The first proto-onco- 
gene was described over 19 years ago by Stehelin et al 
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( 1976). Oncogenes function as modulators of critical cellu- 
lar functions, including signal transduction and transcrip- 
tion, through their expressed proteins. A single mutant al- 
lele is all that is required for malignant transformation. This 
mutation may be the sequelae of a point mutation, amplifi- 
cation, translocation or rearrangement (Table 1). Tumor 
suppressor genes, in contrast, require the loss of function of 
both alleles either by mutation, deletion or a combination 
of both to convert to the malignant phenotype. Identifica- 
tion of these genes opens the door for innovative therapies 
to target these genetic errors either at the level of the 
DNA, RNA or expressed proteins. 

Other exciting targets for oligonucleotides include the 
human immunodeficiency virus (HIV)-l, the virus causing 
acquired immunodeficiency syndrome. If replication of this 
virus can be interrupted, the subsequent cytopathologic ef- 
fects can be down-regulated and the fate of the disease pro- 
cess may be altered (Agris et ai, 1986; Lemaitre et ai, 
1987; Zamecnik et ai, 1986). Other viral disease processes 
potentially treatable with gene therapy include influenza, 
hepatitis, and the lymphocytic choriomeningitis virus. 
Metabolic diseases, such as Alzheimer's disease and diabe- 
tes, have the potential to be modulated by oligonucleotides. 
As the pathogenesis of many more disease processes are de- 
lineated, the boundaries of what may be treated with gene 
therapy surely will increase dramatically. 



TABLE 1. Potential Proto-oncogene Targets for Cancer 
Gene Therapy 



Proto-oncogene Type of anomaly Cancer phenotype 





Point mutation 


Ovarian and adrenal 
carcinomas 




Point mutation 


Pituitary adenoma and 
thyroid carcinoma 


H-ms 


Point mutation 


Lung, pancreas and colon 
carcinomas, and 
melanoma 


K-ras 


Point mutation 


Leukemia (AML, ALL), 
thyroid carcinoma, and 
lung cancer 


N-ras 


Point mutation 


Genitourinary and thyroid 
carcinomas, and 
melanoma 


Erb-Bl 


Amplification 


Squamous cell carcinoma, 
and astrocytoma 


Erb-B2 


Amplification 


Breast, prostate, ovarian, 
and gastric carcinomas 


L-myc 


Amplification 


Lung carcinoma 


N-rrryc 


Amplification 


Small cell lung cancer 


K-sam 


Amplification 


Gastric carcinoma 


c-myc 


Amplification and 


Breast, lung and cervical 




translocation 


carcinomas, and 
Burkitt's lymphoma 


bcr-abl 


Translocation 


Leukemia (CML) 


ret 


Rearrangement 


Thyroid carcinoma 


ros 


Unknown 


Astrocytoma 


sis 


Unknown 


Astrocytoma 


src 


Unknown 


Colon carcinoma 
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Still early in its evolution, gene therapy possesses several 
means to effect these changes: oligonucleotides, each with 
their own set of advantages and limitations. Only the future 
will tell which one of these, or combination of these, oligo- 
nucleotides will become the best tool for gene therapy. This 
review will focus on the different types of oligonucleotides 
now available: triplex, antisense, and ribozymes. It will pro- 
vide insight into their structure, function and biology, as 
well as their limitations, and what present applications hold 
in store for the future in this exciting new field. 



2. TRIPLEX DNA 

The history of triplex DNA starts with the pioneering work 
of Felsenfeld et ai in the 1950s, who described double- 
stranded polynucleotides containing purines in one strand 
and pyrimidines in the other (Felsenfeld et ai, 1957; 
Felsenfeld and Rich, 1957). These strands were able to un- 
dergo stoichiometric transitions forming triple-stranded 
structures containing one polypurine and two polypyrimi- 
dine strands (Riley et ai, 1966; Morgan and Wells, 1968; 
Lee et ai, 1979). These DNA, RNA and RNA/DNA hy- 
brids were widely studied in the 1960s. The first evidence of 
their ability to inhibit transcription was made by Morgan 
and Wells (1968) using RNA as a third strand in an in vitro 
Escherichia coli system. Since then, triplex had escaped wide 
attention until the 1980s, when interest arose secondary to 
two major developments: (1) homopurine-homopyrimidine 
stretches in supercoiled plasmids were found to adopt an 
unusual DNA structure called H-DNA [these include a tri- 
plex as the major structural element (Lyamichev et ai, 
1986; Mirkin et ai, 1987)], and (2) when several groups 
demonstrated that homopyrimidine and some purine-rich 
oligonucleotides can form stable and sequence-specific 
complexes with corresponding homopurine-homopyrimi- 
dine sites of duplex DNA (Le Doan et ai , 1987; Moser "and 
Dervan, 1987; Lyamichev et ai, 1988). These complexes 
were found to be triplex structures rather than D- loops, 
where the oligonucleotide invades the double helix and dis- 
places one strand. A characteristic feature of all these tri- 
plexes is that the two chemically homologous strands (both 
pyrimidine and purine) are antiparallel. These findings led 
to an increased interest in triplex studies. 

Triplex forming oligonucleotides (TFOs) may be univer- 
sal drugs that demonstrate sequence-specific recognition of 
duplex DNA based on the simple recognition principle of 
Hoogsten pairing rules between a purine strand of the DNA 
duplex and the TFO bases. This method of recognition is 
limited, however, because the homopurine-homopyrimi- 
dine sites are preferentially recognized. It soon became clear 
that for triplex DNA to be effective drugs for future studies 
in gene therapy, two criteria must be satisfied: (I) they 
must demonstrate a strong affinity for their targets and bind 
with reasonable stability and (2) they should be specific for 
their target. However, TFOs that bind avidly to their target 
tend to demonstrate less selectivity. Selectivity experiments 
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t ,f modified TFOs are incomplete at present and may actu- 
ally demonstrate less selectivity than the original TFOs. 

2.1 . Chemical Structure and Biology 
Many studies have shown that triplex structures vary 
are itly- A triplex may consist of two pyrimidine and one 
purine strand, YR*Y, or two purine and one pyrimidine 
rnnd YR*R (where Y = pyrimidine and R - purine). 
The strand may be composed of RNA or DNA chains or 
their combination. The collinear association of three oli- 
oodeoxynucleotide (ODN) strands may occur when a third 
Itrand binds to the major groove of a DNA double helix, 
iorming Hoogsten pairs with purines of the Watson-Cr.ck 
base pairs. Intramolecular triplexes may form when a part.ot 
the DNA double helix folds back upon itself in homopu- 
rine-homopyrimidine regions of supercoiled DNA (Johnston, 
1988; Letai eta!., 1988). 

To form (YR*Y) triplexes, the CG*C and TA*T triad 
are necessary. Essential to these triads is the positioning of 
the third strand within the major groove of the double he- 
lix that is forming Hoogsten hydrogen bonds with the pu- 
rine strand. Formation of the CG*C triad requires N 3 pro- 
bation of cytosine in the third strand, making it more 
stable in an acidic environment. The YR*R and YR*Y are 
alike in two ways: (1) the duplex involved in triplex forma- 
tion must have a homopurine sequence in one strand, and 
(2) the orientation of the two chemically homologous 
strands is antiparallel (for a review, see Frank-Kamentsku 
and Mirkin, 1995). 

Hybrid triplexes consisting of both DNA and RNA are 
less understood and consist only of YR*Y triplexes. Studies 
do show that triplexes are more stable when DNA repre- 
sents the central homopurine strand. Affinity cleavage data 
shows that the orientation of homologous chains in hybrid 
triplexes is also antiparallel. Intermodular triplexes are 
the most frequently studied due to their potential therapeu- 
tic utility, use in gene mapping, and their ease of synthesis. 
The use of TFOs as gene modulators is based on their attin- 
ity to bind to a target gene and potentially interfere with 
RNA transcription, with resultant down-regulation in the 
taroeted gene expression. Triplex holds several advantages 
over other strategies used to inhibit gene expression. TFOs 
are capable of targeting the desired gene directly rather 
than inhibiting at the level of the mRNA (i.e., they act at 
the transcriptional level rather than the translational 
level). Because of its specificity and DNA-directed mecha- 
nism of action, only a few molecules of TFO are needed (in 
theory) compared with the excess antisense or ribwyme 
molecules needed to bind and cleave at the mRNA level. 
The stability of DNA triplexes is of paramount importance 
to realize their biological application. The YR*Y triplexes 
are most favorable under acidic conditions, while YR K tri- 
plexes require bivalent cations for their stability, and this 
may limit their use in biological systems. Numerous studies 
have been aimed at the stabilization of DNA triplexes at 
physiological conditions. YR*R triplex studies have con- 
centrated on mechanisms to overcome pH dependency. A 



319 



few studies have shown that potyamines can enhance inter- 
and intramolecular YR*R triplex stability at physiological 
pH (Moser and Dervan, 1987; Hampel et al, 1991, 1993). 
This effect most likely is due to reduced repulsion between 
the phosphate backbones after the binding polyamines. 
Overcoming the need for cytosine protonation is necessary 
to produce pH-independent triplexes (Jetter and Hobbs, 
1993- Koh and Dervan, 1992; Krawczyk et al., 1992; Lee et 
al. , 1984; Maher et al. , 1989; Ono et al. , 1991 ; Plum et al. , 
1990) Further stability can be seen when triplexes are 
bound to a third strand, which is represented by an oligonu- 
cleotide- intercalator conjugate. This was first demonstrated 
in actidine derivatives (Le Doan et al. , 1987) and later was 
shown for other oligonucleotides and intercalators Mous- 
cadetetal., 1994; Orson et al. , 1994; Sun etal, 1991). The 
interposition of the ligand into the DNA at the duplex-tri- 
plex junction confers additional stability, and for uncertain 
reasons, the most stable complex is formed when the inter- 
calator is positioned at the 5'-end of the TFO. 

2.2. Mechanism of Action 

The basic premise of action for triplex DNA is that binding 
of the TFO to a particular gene should prevent its normal 
function and expression (Fig. 1). The TFO binds to the pu- 
rine-rich strand of DNA via Hoogsten hydrogen bonds be- 
tween the third-strand nucleotide and its complement in 
the purine-rich strand. The third strand may contain either 
polypurines or polypyrimidines. Thermal studies have iden- 
tified that the most stable combinations for polypunne 
third strands are A-A:T and G-G:C (Letai et al, 1988). 
However, to form the G-G:C bond, multivalent cations 
such as Mg 2 ^ must be present. The optimal triplet combi- 
nations in a polypyrimidine third strand are T-A:T and 
C+-G:C. As mentioned in the previous section, the forma- 
tion of C+-G:C bonds requires an acidic pH for optimal 

stability. . c 

The specificity of triplex formation is the direct result or 
the formation of complementary sequences between the 
purine-rich strand of the target DNA and the TFO. DNase 
1 protection and electrophoresis mobility shift assays have 
shown that TFOs have the ability to discriminate to one 
base triplet (Mergny et al, 1991). After TFO binding, the 
physical presence of a third strand, as well as the conforma- 
tional change of the helical structure, prevents the DNA/ 
protein interactions necessary for efficient transcription 
(Maher etal., 1989, 1992). 

2.3. Limitations 

The limitations that triplex displays should not be fatal. 
Even if TFOs do not demonstrate themselves to be the ulti- 
mate tool in gene therapy, there are presently many syn- 
thetic analogs that also exhibit triplex-type behavior. 
These are oligonucleotides with non-natural bases that are 
able to bind the duplex more strongly than can the natural 
TFOs Other modifications have replaced the sugar-phos- 
phate backbone of ordinary TFOs with another backbone 
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FIGURE 1. Targets for oligonucleotide modulation of gene expression. Oligonucleotides can be targeted to alter gene expression at 
different levels. Antisenses and ribozymes bind specifically to a region in their target mRNA and inhibit their translation by ribosomes 
resulting in the blocking of protein formation. TFOs and PNAs are perturbing gene expression by associating to a specific region of a 
promoter to alter the transcription of the regulated gene. 



consisting of uncharged peptide- like structures; this has 
been called peptide nucleic acid (PNA). PNAs have been 
found to form remarkably strong and sequence- specific 
complexes with the target DNA by displacing one of the 
DNA strands and forming a triplex with two PNA mole- 
cules (Chernyetfll., 1993; Demidov et ai, 1993). 

The binding and stability of the TFO is of concern; a sin- 
gle interruption in the oligopurine/oligopyrimidine strands 
or a single mismatch in the third strand is enough to desta- 
bilize the triplex structure (Mergny et ai, 1991). Triplexes 
display short half-lives secondary to intracellular nucleases. 
The binding of the TFO to target sites is transient, resulting 
in only temporary inhibition of the target gene. Others 
have reported a nonspecific inhibitory effect on the in vitro 
transcription when a large excess of ODN is present (Ebb- 
inghaus etai, 1993). 

2.4. Modifications 

Some of the basic problems of TFO and their innate stabil- 
ity have been circumvented by modifications of the TFO 
structure. PNA is a synthetic form of TFOs in which the 
phosphated backbone is replaced by a protein- like back- 
bone. PNAs have the ability to form P-loops during inter- 
action with the duplex DNA. Also, PNAs may form a stable 
triplex with one of the strands of DNA and subsequently dis- 



place the other strand. Kessler et ai (1993) and Jayasena 
and Johnston (1992) have shown that interruptions in the 
homopurine/homopyrimidine target sites can be bridged by 
using a linker -molecule incorporated into the TFO. This in- 
tercalatpr molecule can serve as a bridge and can bind to 
the homopurine regions on alternate strands. This can also 
provide additional binding energy to further stabilize the 
triple helix structure, enabling the target strand to be irre- 
versibly displaced and to stabilize cross-linkage with the 
two duplex strands (Helene, 1991). McShan et ai (1992) 
have demonstrated improved stability of the TFO intracel- 
lularly by attaching a free amine group to the 3 '-end of the 
oligonucleotide. This confers increased resistance to enzy- 
matic degradation by intracellular nucleases. 



2.5. In vitro Studies 

The well-known oncogene c-nryc has been the focus of the 
majority of these studies. C-myc overexpression has been 
identified in several tumors and is seen consistently with 
cervical and ovarian carcinoma. The gene for c-myc expres- 
sion is a ready target for triplex DNA. The triplex may bind 
strongly to the purine-rich sequence 125 bp upstream of its 
PI promoter region. This exposure has been shown to lead 
to reduced transcription levels of the c-myc gene (Cooney 
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e t al, 1988) and to lead to growth suppression of ovarian 
nnd cervical carcinomas (Helm et al, 1993). 

Postel et al (1991) have shown that the same effect 
could be achieved at physiologic pH and temperature in 
ce ll culture models. Cleavage analysis studies have shown 
that the oligonucleotide acts in a site-specific fashion to 
form a triplex with the c-nryc target and subsequently re- 
duce mRNA levels of the target gene when introduced into 
the HeLa cell line. A control oligonucleotide that did not 
possess the ability to bind to the c-myc target site did not 
result in decreased mRNA levels. This confirms that the re- 
duction in transcription was caused by site-specific triplex 
formation. 

Further studies implicate that this TFO target site may 
function as a binding site for a protein that may function as 
an activator for transcriptional initiation. Other studies us- 
ing lymphocytes have shown a synthetic TFO targeted to 
the promoter region of the interleukin-2-a receptor gene 
can reduce its mRNA levels (Orson et al, 1991). The re- 
duction in mRNA may be the direct result of blocked tran- 
scriptional activity due to the triplex formation. 

Other target genes have been studied in a limited fash- 
ion. A TFO termed HR21ap has been used to target the 
promoter region of the H-ras gene. This promoter region 
contains two of the three Spl binding sites needed for tran- 
scription. Confirmation that the TFO formed a triple helix 
with the target site was determined by DNase I footprinting 
and gel mobility shift analysis (Mayfield et al. , 1994). Con- 
sequently, transcription was found to be inhibited in nu- 
clear extracts. It was also shown that HR21ap did not bind 
to a similar nontarget distal sequence that contains a con- 
sensus Spl site, affirming the specificity of the TFO. An- 
other study has also demonstrated the ability of TFOs to in- 
hibit the binding of Spl at the level of the dihydrofolate 
reductase promoter and prevent its transcription (Gee et 
al, 1992). 

HER-2/neu oncogene is overexpressed in about 25% of 
human breast cancers and is correlated to its poor progno- 
sis. Triplex formation has also been shown to down-regu- 
late in vitro transcription by binding to a purine-rich motif 
in its promoter region (Ebbinghaus et al, 1993). Binding 
and triplex formation was found to interfere with nuclear 
protein binding and to inhibit the subsequent transcription 
of the HER-2/neu oncogene. 

Other studies have demonstrated TFOs capable of inhib- 
iting the expression of the HIV genome (McShan et al, 
1992). Synthetic oligonucleotides were constructed and 
targeted to the transcription initiation and SP1 binding 
sites. The TFOs were readily taken up by infected MT4 and 
U937 mammalian cells in a culture medium and resulted in 
the inhibition of viral-induced cytotoxicity, including cel- 
lular aggregation, synthesis of viral products and expression 
of intact mRNA. Control oligonucleotides did not have the 
same effects in either cell line. 

Moser and Dervan (1987) have developed TFOs with 
EDTA-Fe at the 5 '-end, which can lead to sequence-spe- 
cific double-strand breaks. Other modified TFOs, such as 



ellipticine (Perroualt et ai., 1990), phenanthroline-copper 
chelate (Francois et al, 1989), and staphylococcal nuclease 
(Pie et al, 1990), were investigated and have been shown 
to exert effects similar to an artificial restriction enzyme. 
However, the efficiency and specificity of cleavage was 
found to be less than that of restriction enzymes. Strobel 
and Dervan (1991) used an Achilles' heel cleavage (Koob 
et al, 1988) technique to improve these limitations, and 
were able to demonstrate that the newly modified TFO had 
the ability to target the double-strand with an efficiency of 
95%, with greater site specificity. Povsic and co-workers 
(1992) devised a new strategy to cleave the double-strand 
site using a pair of N-bromoacetyloligo-deoxyribonucle- 
otides. These modifications improved the efficiency and 
site specificity from previous reports. Thus, the modified 
TFO moiety may hold promise as a useful tool for gene 
mapping and gene therapy because of its site specificity, as 
well as cleavage capacity. 

3. ANTISENSE THERAPY 

The theoretical basis of antisense is not new and was first 
proposed in 1967- The realization of its potential in the 
treatment of various disease processes did not occur until 
1978 when in vitro experiments were able to demonstrate 
sequence-specific inhibition of the expression of Rous sar- 
coma virus (Zamecnik and Stephenson, 1978). Subse- 
quently, antisense RNA, artificially synthesized, was dem- 
onstrated to alter gene expression upon injection into frog 
oocytes (Izant and Weintraub, 1984; Melton, 1985). 

Antisense oligonucleotides (ASOs) refer to any single- 
stranded DN A or RNA that possess the ability to block the 
transfer of information from the genetic template to the ex- 
pressed protein by interfering with the expression of 
mRNA (Crooke, 1992). This is a naturally occurring pro- 
cess that allows the regulation and balance of various genes 
by the complementary pairing of sense and antisense nu- 
cleic acid strands. 

ASO RNA demonstrates sensitivity within biological 
fluids and requires delivery vehicles in order to demonstrate 
sustained production. ASO levels have been shown to 
slowly decrease in prolonged cell cultures (this is proposed 
to be due to the inherent redundancy seen in many cellular 
growth control pathways). ASO RNA are large molecules 
and may bind to more than one site, producing nonse- 
quence-specific effects. ASO DNAs are more stable in bio- 
logical fluids, but necessitate repeated applications due to 
their transient expression that may adversely affect the in- 
tracellular nucleotide pool and lead to cellular toxicity and/ 
or mutagenesis (Crooke, 1991; Neckers et al, 1992; Stein 
and Cheng, 1993). 

The underlying mechanism of action of ASOs lies in the 
interaction of single-stranded DNA or RNA within the 
cellular milieu through complementary base-pairing with a 
targeted mRNA. This leads to changes in the intermediary 
metabolism of mRNA and interferes with information 
transfer from the gene to the protein. ASOs specifically di- 
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rected to a particular cellular mRNA can target this one 
mRNA without adversely affecting the expression of oth- 
ers. This intrinsic specificity offers advantages over other 
forms of treatment and allows the specific designing of anti- 
sense molecules against an identified overexpressed mRNA 
involved in a pathologic process. Additionally, the effects 
of ASOs are localized and contained (either they are taken 
up cellularly and trapped or they are rapidly degraded by ex- 
tracellular nucleases). ASOs are being actively investigated 
as potential tools in the treatment of various disease pro- 
cesses. 

3.1. Chemical Structure and Biology 

Naturally occurring ASOs are composed of phosphodiester 
oligomers that are sensitive to extracellular fluid nucleases. 
ASO half-life in serum is 15-60 min. Phosphodiesters un- 
dergo bulk internalization predominantly from pinocytosis 
(fluid-phase endocytosis) and are transported intracellu- 
lar^. Various studies in HL-60 cells have demonstrated 
that the net cellular accumulation of oligonucleotides may 
rely on the activity of protein kinase C (PICC), a calcium- 
and phospholipid-dependent protein kinase. Intracellular 
substrates are phosphorylated at the serine and threonine 
residues by PKC, which is the major intracellular signal 
transduction protein (Stein et al. } 1993). These studies 
have also shown that phosphodiester oligonucleotides are 
of appropriate chain length to alter the kinase activity of 
PKC in vitro, and this correlates with the rates of intracellu- 
lar internalization of some fluid phase markers. 

3.2. Mechanism of Action 

There are several proposed theories concerning the mecha- 
nism of action of ASOs (Fig. 2). The first theory involves 



direct binding of the ASO to its mRNA target through 
standard Watson-Crick base-pairing, thereby physically in- 
hibiting the translation by ribosomes (Crooke, 1992; Le- 
onetti eta/., 1993; Neckers eta/., 1992). Other theories im- 
plicate the 5 '-capping site attachment to mRNA that 
inhibits the binding of translational factors (Boiziau et al., 
1991; Leonetti eta/., 1993). The binding of the ASO to the 
targeted RNA may lead to its degradation via RNase (a ri- 
bonuclease that is widely available and cleaves mRNA in 
hybrid RNA/DNA duplex, thus making it inactive). The 
latter theory is felt to be the most prevalent and effective 
mechanism in decreasing specific gene expression. In the 
case of DNA-RNA hybrids, the RNA involved in base- 
pairing becomes the target of intracellular RNase H 
(Crooke, 1993; Walder and Walder, 1988). The RNase H 
enzyme is located within the nucleus and is involved in 
DNA replication. The RNA-RNA duplexes may be sub- 
strates to another cellular enzyme, adenosine deaminase, 
which covalently modifies both the antisense and target 
RNA by converting adenines to inosines that functionally 
inactivate both RNA molecules (Bass and Weintraub, 
1988). 

3.3. Limitations 

There are several disadvantages to antisense therapy. The 
most concerning of these disadvantages is the nonantisense 
mechanisms of action that cause confusion in the interpre- 
tation of results. Antisenses are also incapable of multiple 
turnovers, and thus, large quantities are needed to inhibit a 
particular gene, which may lead to toxicity problems. Sta- 
bility is also problematic for ASOs. Cellular incorporation 
of both modified and unmodified ASOs is inefficient. 
Chemical modifications offer advantages, but carry with 
them a host of their own disadvantages (the need for spe- 
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of action. Once the antisense 
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cialized delivery systems and the escape from RNase activ- 
ity). The phosphothioates have a tendency to bind to hep- 
arin-binding proteins (b-fibroblast growth factor [FGF], 
a FGF, FGF-4, platelet-derived growth factor [PDGF] and 
vascular endothelial growth factor), and this may lead to 
behavior changes in the oligonucleotides. Certain phos- * 
phothioate ODNs may be immunomodulating. Studies 
have shown that those possessing the Cp-G motif stimulate 
mouse spleen cells after intraperitoneal administration into 
mice. This can lead to marked increases in immunoglobulin 
secretion within hours of administration and to increase in 
the expression of activation markers such as Major Histo- 
compatibility Class II. 

Delivery mechanisms have been problematic in anti- 
sense therapy. In order to maximize intracellular accumula- 
tion of ASOs, the concentrations needed may be cytotoxic 
to various cell lines. New mechanisms are being investi- 
gated to develop more selective delivery systems to the tar- 
geted cells. One method utilizes a noncovalent salt bridge 
between a polylysine carrier and a plasmid vector (Wny 
and Wu, 1987). Other investigators have shown the poten- 
tial of using a transferrin receptor antibody-oligonucleotide 
conjugate to improve the cellular delivery of antisense mol- 
ecules (Walker et ai, 1995). A different study has utilized 
an asialoglycoprotein moiety as a ligand to target the asia- 
loglycoprotein receptor found on hepatocytes, and encoded 
proteins were found to be effectively expressed both in vitro 
and in vivo (Lu, X.-M. et ai., 1994). Others have used lipo- 
some-rnediated delivery to obtain high intracellular con- 
centrations of ASOs. Further modifications of the liposome 
can allow more specific delivery of these molecules to tar- 
geted cells. This has been found to be successful in vitro, but 
in vivo studies are still lacking (Leonetti et ai , 1990). 



3.4. Modifications 

Pendant groups are used to chemically modify the ASOs 
and may make them more resistant. Various modalities can 
be used, such as fluorochrome attachments, tagging with 
cross-linking agents or the use of intercalating agents to 
modify the biological activity (Neckers et ai, 1992). The 
most commonly used oligonucleotides are the methylphos- 
phonates and the phosphothioates. Phosphothioates involve 
a substitution of a sulfur at each of the original phosphorus 
groups from the phosphodiesters. They retain, the net 
charge of these natural oligonucleotides and are soluble in 
aqueous solutions. It is thought that they gain entrance to 
the cell through receptor-mediated endocytosis and can be 
slowly digested by SI and PI nucleases, producing inactive 
mononucleotides that may later accumulate and cause tox- 
icity to the innate cellular DNA (Stein and Cheng, 1993). 

At low concentrations, phosphothioates are sequence- 
specific and elicit RNase activity, but at high concentra- 
tions, they may inhibit RNase production. Methylphospho- 
nates involve the substitution of a methyl group rather than 
a sulfur atom at the nonbridging 0 2 ; this produces nuclease- 
resistant oligonucleotides without a charge, enabling them 



to enter the cell via passive diffusion (Crooke, 1992). Me- 
thylphosphonates must rely on ribosomal inhibition be- 
cause they are not recognized by RNase H. They demon- 
strate minimal toxicity and high stability in their action by 
inhibiting ribosomal translation. 

3.5. Disadvantages 

There are several disadvantages to the chemically modified 
ASOs. They are less permeable to the cell and often require 
delivery vehicles, which, in turn, can be cytotoxic to the 
cells. Further investigation will be needed to maximize 
their ability as therapeutic agents. Studies have tried to elu- 
cidate the exact mechanism of cellular transport, but this 
still remains unclear (Crooke, 1992; Neckers et aL, 1992). 
To be effective antisense agents, the following criteria 
should be met: (1) they must be resilient to cellular degra- 
dation and nucleases; (2) they should possess suitable phar- 
macokinetics, which would allow specific delivery to the 
targeted tissue in nontoxic and cost-effective doses; (3) 
they should be efficiently transported through cellular mem- 
branes; (4) they should demonstrate high affinity and spe- 
cific binding to the mRNA target; and finally, (5) they 
should effectively down-regulate the translation of the ab- 
normal protein. 

3.6. Applications 

There are many potential applications of antisense therapy, 
but more recently; efforts have concentrated predominantly 
on cancer biology (Table 1). Inhibition of an abnormally 
expressed protein from an activated oncogene at the level 
of the mRNA provides an attractive and promising tool in 
gene therapy. The design of ASOs allows for a target-spe- 
cific interaction mitigating the adverse sequelae that are 
commonly seen with nonspecific therapies. 

The proto-oncogene c-myb has been studied widely, and 
is felt to be implicated in the proliferation and differentia- 
tion of hematopoietic cells. Several studies have shown the 
in vitro inhibition of leukemic cells and human bone mar- 
row mononuclear cells using an ASO targeted against c-myb 
(Citro et ai , 1992; Gewirtz and Calabretta, 1988). The in- 
hibition was shown to demonstrate a dose -response, with 
increasing amounts of the antisense increasing the degree 
of inhibition of the colonies. Similar studies using mela- 
noma cells have shown that the injection of ASO against 
c-myb can produce a 50% reduction in overall tumor size 
(Hijiya et ai., 1994). However, these results were transient, 
and withdrawal of the ASO led to tumor regrowth. Presently, 
a clinical trial is underway using a c-m^b antisense to elimi- 
nate CML cells from bone marrow samples of patients to be 
further used for autologous bone marrow transplantation. 

Other studies have shown that the use of antisense di- 
rected against N-m^c can be efficacious in virro and in vivo 
(Whitesell et ai., 1991; Wickstrom et aL, 1992). ASOs di- 
rected against N-myc administered locally to athymic mice 
with subcutaneous xenografts of N-nryc expressing human 
neuroectodermal cells demonstrated a substantial reduction 
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in tumor size. Antisense was also shown to decrease N-m\c 
protein expression, as well as to decrease the neuroendo- 
crine differentiation marker protein secretogranin I when 
compared with the sense controls (Whitesell et ai. , 1991 ). 

The ras genes have been implicated in 10-20% of all hu- 
man tumors. A mutation in one of the three ras genes (Ha- 
ras, Ki-ras, N-ras) has been identified. This leads to the pro- 
duction of p2 1 ras oncoproteins, which are thought to be 
responsible for the malignant phenotype (Bos, 1989). 
H460a human lung cancer cell line has been found to have 
a K-ras mutation. In vitro studies have demonstrated a 3-fold 
suppression in cell growth by using a full-length K-ras ASO 
(Mukhopadhyay etal., 1991). Also, the mutated K-Ras p21 
protein synthesis was down-regulated by 95% after anti- 
sense treatment. Overall, Ras protein levels were only 
slightly decreased in this study. Another in vivo study using 
a retroviral vector driven by a cytomegalovirus promoter 
and harboring K-ras antisense was able to demonstrate that 
87% of the ASO-treated mice remained tumor free vs. 90% 
of the control mice treated with K-ras sense, DNA vector or 
medium alone (Georges et ai., 1993). These studies seem to 
implicate that suppression of the mutated K-ras expression 
may down- regulate malignant cellular proliferation in vivo. 

The bcr-abl gene is a hybrid derived from the proto-onco- 
gene c-abi on chromosome 9 translocated to the breakpoint 
cluster region (c-bcr) on chromosome 22 (Rowley, 1973). 
This is seen in 98% of all chronic myelogenous leukemia 
(CML) patients and 50% of all acute lymphocytic leukemia 
(ALL) patients. Cells treated with an ASO against this hy- 
brid gene were found to form fewer colonies with a lower 
ratio of blast cells/colony when compared with control and 
mismatched ASO-treated cells. BCR-ABL ASO can elimi- 
nate bcr-abl mRNA from all blast cells; 25% of the blast 
cells can survive (Szczylik etal., 1991 ). Leukemic mice cells 
exposed to the BCR-ABL ASO lived for 18-23 weeks vs. 
8-13 weeks in the untreated and sense- treated mice, sug- 
gesting a positive effect of the antisense molecule (Skorski 
etal., 1994). 

The down-regulation of abnormally expressed c-myc has 
been investigated both at the level of translation and tran- 
scription. One study used an ASO RNA generated by a 
vector directed against a single-stranded fragment in the 
c-myc leader sequence of a human promyelocyte cell line 
HL-60, which has been shown to overexpress the c-myc on- 
cogene. The subsequent reduction in c-myc transcription 
allowed increased monocytic differentiation in the HL-60 
cells and led to the decrease of cellular proliferation (Wick- 
strom et ai. 1988; Yokoyama and Imamoto, 1987). In a 
similar fashion, the translocation of the c-myc gene in Bur- 
kitt's lymphoma causes the expression of an abnormal RNA 
molecule that retains normally spliced intron sequences. 
ASOs targeting this abnormal intron sequence were able to 
inhibit the proliferation of the Burkitt's cell lines without 
any adverse effects on the normal cells (McManaway et ai , 
1990). 

Also, ASOs are being studied as antiviral agents. In the- 
ory, HIV makes an attractive potential target site. If the ac- 



tivity of the reverse transcriptase in HIV RNA can be in- 
terrupted, the further infection of normal cells could be 
prevented. Several studies have shown that ASOs are capa- 
ble of inhibiting HIV replication in both the acutely and 
chronically infected cell lines (Goodchild et ai , 1988; Wicz 
et ai, 1992). The mismatched and random inactive oligo- 
nucleotides caused delays, but did not inhibit viral replica- 
tion, and only demonstrated effectiveness in the acutely in- 
fected* cells. Another study showed that ASOs targeted 
against the gag and rev sequences were able to inhibit viral 
replication for more than 80 days, with a 10-fold reduction 
in ASO concentration after the initial pretreatment, with 
higher doses still maintaining viral inhibition (Lisziewicz et 
ai, 1993). 



4. RIBOZYMES 

Ribozymes are small RNA molecules capable of catalytic 
activity. They were discovered originally within the Group 
I intervening sequence of the pre-rRNA of Tetrahymena 
thermophila. This sequence catalyzes its own excision, and 
has been termed self-splicing (Cech et ai, 1981; Kruger et 
ai, 1982). The RNA portion of a RNase enzyme purified 
from E. coli was the first reported truly catalytic ribozyme 
(Guerrier-Takada et ai f 1983). Other studies have shown 
that the plus strand of the tobacco ring spot virus possesses 
a hammerhead shape and the minus strand exhibits a hair- 
pin shape. Initially, ribozymes were thought to act only in 
cis conformation for cleavage reactions, but the hammer- 
head ribozyme has been found to act in trans (Uhlenbeck, 
1987; Fig. 3), as well as the hairpin ribozyme (Hampel et 
at., 1990). 

4.1. Mechanism of Action 

There are two postulated mechanisms for the activity of ri- 
bozymes: (1) sterile blocking, where the binding of a sub- 
strate to the mRNA prevents any further translation or me- 
tabolism of the RNA molecule, or (2) cleavage and 
inactivation of the targeted mRNA: ribozymes offer these 
theoretical advantages over antisense since they are capa- 
ble of cleaving and permanently inactivating the substrate, 
as well as demonstrating the capacity for multiple turn- 
overs; one ribozyme molecule may inactivate multiple 
RNA molecules (Fig. 4). Up to now, there have been six 
types of RNA motifs identified: Group I introns, RNase P, 
hammerhead ribozymes, hairpin ribozymes, axehead ri- 
bozymes of the hepatitis delta virus (HDV), and RNA tran- 
scripts of the mitochondrial DNA plasmid of Neurospora 
(Kijima etai, 1995; Symons, 1994). 

4.2. Structure and Biology 

The rearrangement of phosphodiester bonds is the mecha- 
nism by which ribozymes are capable of catalysis (Kumar 
and Ellington, 1995; van Tol et ai., 1990). The hammer- 
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FIGURE 3. Structure of a ham- 
merhead riboryme. The flanking 
sequences of the riboryme confer 
specificity for its target mRNA. 
The riboryme does not require 
any energy source for cleaving 
the mRNA, but only needs a 
source of divalent cation such 
as Mg 2 *. A single mutation in 
the stem of the ribozyme (indi- 
cated by a filled circle) is enough 
for blocking the cleaving activity 
of the riboryme. The riboryme 
can cleave any XUN site, where 
X can be any nucleotide and N 
is A, C, or U. 



head, hairpin and HDV ribozymes catalyze the activation of 
the adjacent 2'-hydroxyl to form a cyclic 2\3^phosphate 
with concurrent elimination of the 5'-terminus. The ham- 
merhead ribozyme works in rrans through the nonhydro- 
lytic transesterification of its substrate with its required di- 
valent cation cofactors (Buzayan et d., 1988; Ohkawa et 
d 1995)- The three-dimensional structure of the ri- 
bozymes allows them to perform the catalytic reactions 
(Tuschl et d. , 1994). The secondary structure of the nbozyme- 
substrate complex consists of three helical areas, a catalytic 
core, and a loop sequence. The ribozyme proceeds to bind its 
substrate through two helices (Helix 1 and Helix III). 

The hammerhead ribozyme has the ability to discern tar- 
get RNA molecules that differ by only 1 bp mutation (Koi- 
zumi et al., 1989). The ribozyme efficiently cleaves sub- 
strates with GUC, GUA, GUU, UUC, and CUC triplet 
sequences. The enzymatic kinetics of ribozymes favor short 
substrates (25 bases), and demonstrate lower efficiency with 
longer substrates (200-1000 bases). The length and base 
composition of the flanking sequences (in Helix 1 and He- 
lix III) will also play a role in enzyme kinetics. Dissociation 
of the ribozyme from the substrate is prolonged when the 
flanking sequences are increased (Herschlag, 1991). Twelve 
base pairs have been found to be the optimal flanking se- 
quence length in a ribozyme (Bertrand et d. , 1994).. 

The hairpin ribozyme is derived from the minus strand of 
the tobacco ring spot virus (Feldstein et d., 1989; Hampel and 
Tritz, 1989). It works in trans to selectively cleave its RNA 
substrate. Like the hammerhead ribozyme, it uses the non- 
hydrolytic transesterification of substrates with the require- 
ment for divalent cations (Kumar and Ellington, 1995; van 
Tol et d. , 1990). The primary difference between the ham- 
merhead and the hairpin ribozyme is that a phosphodiioate 



modification strongly inhibits self-cleavage of the hammer- 
head, but not of the hairpin (Buzayan et al. , 1988). HDV is 
a satellite virus of the hepatitis B virus, and consists of a mi- 
nus single-stranded RNA of 1700 bp (Symons, 1994; Wang 
et d 1986). Replication of the HDV proceeds by a rolling 
circle mechanism, and RNA cleavage has also been shown 
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FIGURE 4. Mechanism of action of riboryme. Ribozymes are 
capable of multiple turnovers. Once the ribozyme cuts its target 
mRNA, it is able to dissociate from the target and cleave a sec- 
ond mRNA. The cleaved mRNA is thought to be inactivated 
and then degraded by unspecific nucleases, leading to suppres- 
sion of mRNA translation and protein production. 
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to occur in trans (Koizumi et ai, 1992; Kumar et ai, 1994; 
Thill etal, 1993). 

4.3. Applications 

Anti-ras ribozymes have been tested in several settings. An 
anti-ras ribozyme was designed to discriminate the mutated 
GUC sequence (from GGC) of the H-ras oncogene in 
codon 12 (Kashani-Sabet eta/., 1992; Tone et ai, 1993). A 
human anti-activated-ras ribozyme was tested and shown to 
be effective in an EJ human bladder cell line (Funato et ai , 
1994; Tone et ai, 1993). It was demonstrated that this ri- 
bozyme selectively cleaved the mutated gene while preserv- 
ing the normal H-ros proto-oncogene by changes in the 
morphology, as well as growth characteristics (Funato et aL , 
1994). Both H-ras and its corresponding protein product 
(p2 1 ) was shown to be down-regulated. In vivo studies in 
athymic mice confirmed the suppressed tumorigenicity of 
EJ transfected cells with the anti-H-ras ribozyme (Feng et 
ai , 1995). This ribozyme was found to be more effective 
than a mutant ribozyme that lacked cleavage activity. In 
another in vivo model, EJ cells alone and those transfected 
with the anti-ras ribozyme were injected ort ho topically 
through a transurethral injection into the bladder of athy- 
mic mice (Perotta and Been, 1992): Those mice inoculated 
with the ribozyrne-transfected cells demonstrated less ma- 
lignant characteristics with less invasion of the tumor and a 
prolonged overall survival in the mice. More recent studies 
have shown the anti-ras- ribozyme delivered by an adenovi- 
ral vector to be efficacious both in vitro and in vivo without 
any adverse sequelae (Feng et ai, 1995). 

The FEM human melanoma cell line was used to test a 
ribozyme targeted against the GUC heterozygous mutation 
in the H-ras mRNA. This mutation of H-ras is felt to be in- 
volved in aberrant cell growth. Down-regulation of H-ras 
mRNA expression and tumor growth was demonstrated in 
cells transfected with the ribozyme (Ohta et al., 1994, 
1996a,b). Transfected cells demonstrated a more differenti- 
ated melanocytic phenotype. They also demonstrated in- 
creased melanin synthesis and a more dendritic phenotype, 
as well as increased responsivity to 12-O-tetradecanoylphor- 
bol- 13 -acetate. Another study demonstrated that NIH3T3 
cells transfected with the DNA of human melanoma cells 
FEMX-1, which contain a mutated H-ras codon 12 muta- 
tion, produced aggressive tumors when injected into nude 
mice (Kashani-Sabet et ai , 1994). Furthermore, the tumor- 
igenicity was shown to be suppressed by treatment with an 
anti-ras ribozyme. On the other hand, cell lines that did not 
contain the mutated GUC cleavage site were not affected 
by this ribozyme treatment (Funato et al. t 1994; Koizumi et 
al., 1992). 

The K-ras mutation in human pancreatic carcinoma has 
also been a target for ribozyme therapy. K-ras mutations are 
found in more than 90% of human pancreatic cancers, and 
95% of these are located at codon 12 (Almoguera et ai, 
1988; Grunewald etal., 1989). A ribozyme has been devel- 
oped against the mutated K-ras codon (GUU) in the hu- 



man pancreatic cell line, Capan- 1 (Kijima et ai , 1996). Us- 
ing various delivery systems, anti-K-ros ribozymes were 
transfected into these cells. The results showed that cell 
growth and the malignant phenotype were able to be down- 
regulated by use of the anti-K-ras ribozyme (the effective- 
ness of the ribozyme was shown to be dependent on the par- 
ticular vector system used in the assay). The adenoviral 
vector system in these experiments was found to be the 
most efficacious in reducing the growth of Capan- 1 cells. 

The bcr-abl gene has also been studied for ribozyme- 
mediated therapy. This hybrid gene is formed when the proto- 
oncogene (obi) from chromosome 9 translocates to the 
breakpoint cluster region (bar) of chromosome 22 (Rowley, 
1973). This produces a new fusion gene, which contains 
portions of the bcr and abl genes and codes for a new 8.5 kb 
mRNA, which translates into a 210 kDa protein (p210) 
with enhanced tyrosine kinase activity. This translocation 
has been termed the Philadelphia chromosome, and can be 
seen in up to 95% of cases of CML and 50% of cases of ALL 
(Kurzock et ai, 1988). An anti-bcr-aM ribozyme has been 
constructed against the GUU triplet found adjacent to the 
junction of the c-bcr and c-abl fused genes (Shore et ai, 
1993; Snyder et ai , 1993). The efficacy of this ribozyme has 
been demonstrated in vitro with diminished cell growth and 
transient reductions in the activity of p210. Under these 
circumstances, however, the ribozyme was also found to 
cleave the normal bcr gene (Wright et ai, 1993). The bcr- 
abl fusion region has been demonstrated to possess an inaus- 
picious secondary structure that may make ribozymal access 
difficult (Pachuk etai, 1993). More recently, multi-unit ri- 
bozymes have been found to have improved efficacy, espe- 
cially when compared with single or double ribozymes (Le- 
opold et ai, 1995). Delivery has been difficult with this 
ribozyme. Liposomal transfection has resulted in only tran- 
sient expression of the ribozyme and intermittent down- 
regulation of the protein product p210. 

Similarly, the fusion gene AML1/MTG8 has been in- 
volved in the pathogenesis of AML. This gene is formed 
when the AM LI gene translocates to MTG8 (ETO) gene 
on 8q22. Two hammerhead ribozymes have been designed 
against two separate target sites: (1) the CUC sequence lo- 
cated 3 bases upstream from the fusion site and (2) the 
AUC located 3 bases in a downstream direction from the 
fusion site. Both of these ribozymes were shown to inhibit 
growth when transfected into Kasumi-l cells (Matsushita et 
ai, 1995). 

Cervical carcinoma has been shown to have a 90% inci- 
dence of human papillomavirus (HPV) infection (Lowy et 
ai, 1994). Oral cancers have a 75% association with HPV 
and less frequently, ano-genital cancers have been associ- 
ated with HPV. The subtypes HPV- 16 and HPV- 18 have 
been strongly associated with malignancy. HPV exerts its 
effect through other cellular proteins. HPV infection causes 
disruption of E6 and E7 gene expression secondary to dereg- 
ulation of E2, a major cellular regulatory gene. The E6 pro- 
tein then becomes bound to the tumor suppressor gene p53 
and prevents its normal function (Inouye, 1988; Lechner et 
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al., 1992; Werness et al, 1990). The HPV E7 protein can 
also cooperate with an activated ras oncogene or transacti- 
vate the E2 adenovirus promoter and use transforming fac- 
tor-0 to prevent repression of c-myc. One group has shown 
a hammerhead ribozyrne to be efficacious in vitro by cleav- 
ing the HPV- 16 E6 and E7 open reading frames, which play 
a major role in viral DNA regulation, as well as cellular 
gene regulation (He et al, 1993). An adeno-associated vi- 
rus vector has been specifically constructed and encodes 
the ribozyrne designed specifically to cleave the HPV- 1 5 E6 
and E7 mRNA. In vitro, this ribozyrne has been shown to 
cleave RNA in HPV-infected cells (Lu, CD. et a!., 1994). 
Further studies need to be carried out to delineate the role 
of ribozymes in the therapy of HPV-related malignancies. 

PDGF-P, as well as its receptors, have been identified to 
be overexpressed in malignant mesothelioma. It is postu- 
lated that the mesothelioma cells may be stimulated by the 
PDGF in an autocrine mechanism (Versnel et al., 1988, 
1991 ). With the help of a constitutive vector, a specific ham- 
merhead ribozyrne was able to decrease levels of PDGF-0 
mRNA. The clones expressing the ribozyrne demonstrated 
diminished cellular growth (Dorai et al, 1994). This ri- 
bozyrne was found to be more active than the mutant ri- 
bozyrne lacking cleavage ability. 

Pleiotrophin (PTN) is a polypeptide growth ractor that 
has been found to be expressed in many types of tumors. A 
ribozyrne directed against PTN was used to target PTN ex- 
pression in a melanoma cell line known to overexpress 
PTN. Co-transfection of the ribozyrne was shown to inhibit 
PTN -mediated colony formation, and was more active than 
the ribozyrne lacking cleavage capability (Czubayko et al, 
1994). This demonstrates that growth factors can be down- 
regulated when they are found to be overexpressed, and 
may prove to be useful tools in gene therapy. 

Ribozymal reversal of acquired drug resistance has been 
studied extensively. The development of acquired or intrin- 
sic drug resistance can become a major obstacle in the ef- 
fective treatment of any cancer. By definition, multidrug 
resistance (MDR) is associated with the resistance to a vari- 
ety of different lipophilic compounds that is difficult to 
overcome (Endicott and Ling, 1989; Gottesman and 
Pastan, 1993; Roninson, 1991). It has been found that 
many multi-resistant cells overexpress a certain membrane 
P-glycoprotein (Juliano and Ling, 1976; Kartner et al, 
1983, 1985). This P-glycoprotein is encoded by the MDR 
gene,MDR-i (Fojoetal., 1987; Gros etal., 1986; Roninson 
It al, 1986). The P-glycoprotein has been studied at 
length, and although there have been found several drugs 
that inhibit its function, their toxicity profiles have pre- 
vented their use in the clinical arena (Ford and Hait, 
1993). 

The use of ribozymes targeted against the MDR pheno- 
type has been the goal of several investigators (for a review, 
see Bouffard et al, 1996). One group described the in vitro 
cleavage efficacy of two ribozymes, as well as the ability of 
one of these ribozymes to lower the resistance of an acute 
leukemic cell line to vincristine by 3 5 -fold (Kobayashi et 



al, 1994). Another group designed a unique ribozyrne tar- 
geted to the MDR-i mRNA. This ribozyrne was able to 
cleave the 3 '-end of the GUC triplet in exon 21 (Holm et 
al, 1994). This target site was positioned between two 
ATP-binding sites (Teeter et al, 1991). Kinetic studies 
have demonstrated efficient catalytic activity of the anti- 
MDR-I ribozyrne (Holm et al , 1996). This ribozyrne was 
cloned into the pHpApr-l-neo plasmid (Gunning et al, 
1987) and transfected into a daunorubicin-resistant pancre- 
atic cell line. P-glycoprotein levels and MDR- J mRNA lev- 
els were not detectable. Those clones found to express the 
ribozyrne demonstrated a 300-fold reduction in daunorubi- 
cin resistance (Holm et aL 1994). Other ribozymes have 
been designed against the MDR-I GUC sequence at triplet 
880, as well as an anti-/os ribozyrne that has been shown to 
decrease the actinomycin D resistance in a human ovarian 
carcinoma cell line (Scanlon et al , 1994). Also, the expres- 
sion of c-/os, MDR-i and topoisomerase II mRNA were 
shown to be down-regulated. It is thought that since the 
MDR-i gene has an AP-1 binding site, it may be responsive 
to alterations in the c-/os gene. Others have used liposome- 
mediated transfer to affect the reversal of the MDR pheno- 
type (Kiehntopf et al , 1994). In this series, 98% of the cells 
incorporated labeled ribozyrne and 93% showed down-regu- 
lated P-glycoprotein expression. Liposome-mediated deliv- 
ery of the anti-MDR-i ribozyrne nearly reversed the MDR. 

5. CONCLUSION 

Modulation of cancer gene expression has been demon- 
strated using specific oligonucleotides directed to different 
pathways of gene expression. Antisenses and ribozymes are 
able to specifically alter a gene function by disabling the 
translation of mRN As. The problem arising from this tech- 
nology is that these oligonucleotides must be present in ex- 
cess numbers when compared with the target in order to 
completely ablate the gene function. A prion', ribozymes 
should have an edge over antisenses due to their capacity 
for multiple turnover reactions with their targets, as dem- 
onstrated in vitro. At the moment, no clinical trial data is 
available from ribozyrne therapeutics to demonstrate this 
potential in vivo. Other oligonucleotides, such as PN As and 
TFOs, are also being used in vitro to demonstrate that a can- 
cer phenotype can be reversed at the level of gene tran- 
scription. The refinement of these technologies surely will 
have an impact for future treatment of diseases. Since the 
human genome is anticipated to be completely sequenced 
over the next decade, it becomes clearer that techniques in- 
volving oligonucleotides surely will play a primary role in 
delineating the function of new genes at the cellular level. 

The potential and realm of gene therapy have been dem- 
onstrated in different laboratories at the cellular level. The 
real challenge for the years to come will be to demonstrate 
the feasibility of this approach in cancer or in diseased pa- 
tients. To this end, the development of more efficient de- 
livery systems will be required in order to target and express 
genes or oligonucleotides more efficiently in cancer cells. 
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ABSTRACT 

We have examined several variables inherent in aerosolizing cationic lipid:DNA complexes using a jet nebu- 
lizer and thereby have optimized the delivery of functional complexes. Maximal aerosol transfer efficiency of 
cationic lipidtpDNA complexes was quantitated and shown to require the presence of at least 25 mAf NaCl as 
an excipient This is possibly related to effects on the measured zeta potentials of the complex, which indicate 
that the complexes are more highly charged in solutions of physiological ionic strength than in solutions of 
low ionic strength. Inclusion of saline also resulted in retention of the starting lipid to plasmid DNA (pDNA) 
ratio following nebulization. These data were used to design in vitro aerosolization experiments with tissue 
culture cells that resulted in the identification of a cationic lipid:pDNA ratio of 0.75:1 (mohmol) as being op- 
timal for aerosolization. This formulation largely protected pDNA from shear degradation during nebuliza- 
tion and produced a respirable aerosol droplet size (1-3 pm). It was tested further in a mouse model and 
shown to result in the dose-dependent transfection of mouse lungs, generating the equivalent of several 
picograms of reporter gene activity per mouse lung. The results of these experiments have provided a set of 
optimal conditions for nebulizing cationic lipid:pDNA complexes that can be used as a starting point for the 
further evaluation of aerosol delivery of these nonviral gene delivery vectors in vivo. 



OVERVIEW SUMMARY 

Conditions for nebulizing cationic lipid: DNA complexes 
were evaluated and optimized for efficient transfer of DNA, 
maintenance of the lipid: DNA ratio, and protection of 
pDNA from degradation during nebulization. These stud- 
ies indicated that the suspending medium must have an ionic 
component to obtain maximal transfer of the DNA and to 
maintain the lipid: DNA ratio in the aerosolized material. 
Maximal DNA transfer was found to occur at cationic 
lipid :DNA ratios where some of the DNA remained un- 
complexed. However, free plasmid DNA (pDNA) was also 
shown to be rapidly degraded during aerosolization, 
whereas complexed pDNA was largely protected. In vitro 
transfection results from cells exposed to cationic 
lipid: pDNA aerosols indicated that complexes prepared at 
a cationic lipid (GL-53):pDNA ratio of 0.75:1 were optimal 
for transfection. Exposure of BALB/c mice to an aerosol of 
GL-67:pCFl-CAT prepared at this ratio resulted in the 
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dose-dependent expression of chloramphenicol acetyltrans- 
ferase (CAT) in the mouse lungs. 

INTRODUCTION 

GENE THERAPY EMPLOYING NONVIRAL VECTORS is being ex- 
plored as a potential approach for treating many human 
afflictions. A major obstacle to the use of this approach is the 
ability to deliver the therapeutic agent to the target tissues ef- 
fectively. For diseases of the lung, it is most likely that nonvi- 
ral vectors such as cationic lipid:plasmid DNA (pDNA) com- 
plexes will be administered as aerosols. However, cationic 
lipid:pDNA complexes have characteristics that present chal- 
lenges for aerosol delivery. Because they are relatively ineffi- 
cient as gene transfer agents compared to viruses on a mass or 
per mole of DNA basis, it will be necessary to deliver relatively 
large volumes of highly concentrated, active cationic 
lipid:pDNA complexes to achieve therapeutic efficacy. Because 
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lipid:pDNA complexes are colloidal and tend to precipitate at 
relatively low concentrations, delivering a high dose by an 
aerosol route could become therapeutically limiting. In addition 
to this dosing problem, plasmid DNA is known to be degraded 
by shear stresses such as those present in a jet nebulizer, so that 
a method of protecting the pDNA from this potential delivery- 
related degradation is required. 

Complexes formed by combining plasmid DNA with 
cationic lipid vesicles have demonstrated efficacy both in vitro 
(Feigner et al, 1987; Fasbender et al, 1995) and in vivo 
(Stribling et al, 1992; Yoshimura et al, 1992; Alton et al, 
1993; Canonico et al, 1994; Conary et al, 1994; Liu et al, 
1995; Logan et al, 1995; McLachlan et al, 1995; Solodin et 
al., 1995). Of particular relevajice to the treatment of lung in- 
dications by cationic lipid-based gene therapy are recent results 
demonstrating our ability to achieve high levels of transgene 
expression in mammalian lung following intranasal instillation 
of the cationic lipid:pDNA complex (Lee et al, 1996). Practical 
application of these results to genetic diseases of the lung such 
as cystic fibrosis requires that we develop the ability to deliver 
functional transgenes by an aerosol route. 

Several studies have demonstrated that cationic lipid-based 
vectors are capable of mediating gene transfer to the lung fol- 
lowing aerosolization (Stribling et al., 1992; Alton et al, 1993; 
Conary et al., 1994; McLachlan et al., 1995). The aerosoliza- 
tion studies reported thus far have used either DOTMA 
(Stribling etal, 1992; Alton et al, 1993; Canonico etal, 1994; 
Canonico et al, 1994; Conary et al, 1994) or DOT AP (Alton 
et al., 1993; McLachlan et al, 1995), both of which are uni- 
valent cationic lipids. Furthermore, these studies focused pri- 
marily on the localization of gene expression, and did not re- 
port optimization of the delivery of functional cationic 
lipid:pDNA complexes. Thus, studies that examine the condi- 
tions for more efficient aerosolization of functional transgenes 
are lacking. 

Recently, we have shown that aerosol delivery of lipidipDNA 
.complexes can be enhanced by selection of an appropriate nebu- 
lizer (Schwartz et al, 1996). In the present study, we have ex- 
tended these optimization studies. Using an in vitro assay in which 
the end point was expression of a reporter transgene following 
aerosolization onto tissue culture cells, several parameters were 
evaluated, including cationic lipid:pDNA ratio and excipient. The 
results indicated that an optimal balance could be found between 
protecting the pDNA from shearing during nebulization and the 
transfer efficiency of the complex that preserves the cationic 
lipidrpDNA ratio and provides for maximal potency of the 
aerosolized complex. Under conditions shown to be optimal by 
this in vitro assay system, it was found that nebulization produced 
aerosol droplets in the respirable size range that resulted in dose- 
dependent transfection of mouse lung. 

MATERIALS AND METHODS 

Cationic lipids GL-53 and GL-67 were synthesized by 
Genzyme (Cambridge, MA) as described by Lee et al (1996). 
All experiments used these cationic lipids formulated with the 
neutral co-lipid dioleoylphosphatidylethanolamine (DOPE; 
A vanti Polar Lipids, Alabaster, AL) at a either a 1 : 1 molar ra- 
tio (cationic lipid:DOPE) for lipid GL-53 or a 1:2 molar ratio 



for lipid GL-67. For formulation, the cationic lipids were dis- 
solved in chloroform (CHCI3) and mixed with CHCI3 solution 
of DOPE. For fluorescently labeled preparations, /V-lissamine 
rhodamine B phosphatidylethanol amine (Rh-PE; A vanti Polar 
Lipids, Alabaster, AL) was added to the CHCI3 solution. The 
lipid solution was dried down to a thin film under a stream of 
nitrogen; residual CHCI3 was removed under high vacuum for 
1 hr. Lipid films were stored at -80°C. 

Two commercially available nebulizers, the Puritan Bennett 
Raindrop (Puritan Bennett, Lenexa Medical Division, Lenexa, 
KA) and the Pari LC Jet Plus (Pari Respiratory Equipment, Inc., 
Richmond, VA) were employed in these studies. 

The fluorescent DNA probe benzothiazolium-4-quinolinium 
dimer (TOTO-1 ) was purchased from Molecular Probes (Eugene, 
OR). Opti-MEM was purchased from GIBCO-BRL (Grand 
Island, NY). Chloramphenicol acetyltransferase (CAT) was pur- 
chased from Boehringer Mannheim (Indianapolis, EN). Silica gel 
thin-layer chromatography (TLC) plates were from EM 
Separations Technology (Gibbstown, NJ). [ 14 C]Chloramphenicol 
was obtained from Dupont NEN (Boston, MA). j3-Galactosidase 
(/J-Gal) activity was measured employing chlorophenolred-/3-r> 
galactopyranoside (CPRG; Calbiochem, La Joila, CA) as a sub- 
strate. Protein levels were determined with the Coomassie Plus 
protein assay reagent (Pierce, Rockland, IL). Acetyl-CoA, )3-Gal, 
and all other chemicals were purchased from Sigma Chemical 
Co. (St. Louis, MO). 

Plasmid DNA 

pCMV-0Gal (Clontech, Palo Alto, CA) was grown in 
Escherichia coli and purified employing Mega-prep columns 
(Qiagen, Chatsworth, CA) according to the manufacturer's in- 
structions or by a proprietary column chromatographic proce- 
dure (Genzyme). Plasmid concentrations were determined by 
A 2 6o measurements. Plasmid purity was assessed using agarose 
gel electrophoresis and A260/A280 ratios. All plasmid prepara- 
tions showed a major band of closed circular DNA of the ex- 
pected size on gels and a minor amount (<25%) of nicked plas- 
mid. Only plasmid preparations with A 2 6o^28o ratios s 1 ,8 were 
utilized. Endotoxin levels were quantitated with a Limulus 
Amebocyte Lysate test (BioWhittaker, Inc., Walkersville, MD). 
DNA preparations with endotoxin levels > 100 E.U./mg of plas- 
mid DNA were extracted with Triton X-l 14 (Aida and Pabst, 
1990) to reduce the endotoxin load below 100 E.U./mg. DNA 
concentrations given are based on an average nucleotide mol- 
ecular mass of 330. 

Aerosol transfer efficiency of cationic 
lipid. DNA complexes 

Dry lipid films were hydrated in sterile pyrogen-free water 
(Baxter Diagnostics Inc., McGaw Park, IL) to form liposomes. 
DNA solutions (pDN A or sheared salmon sperm DNA, [sssDNA; 
5 Prime R 3 Prime Inc., Boulder, CO]) were prepared in water. 
Liposomes were labeled with 2.5 mol % Rh-PE, and DNA was 
labeled with TOTO-1 (1 TOTO-1/1,000 nucleotides). Cationic 
lipidipDNA complexes were prepared in water at cationic 
lipid:DNA ratios (mole:mole) ranging from 0.25:1 to 1.25:1 by 
adding cationic lipid vesicles to the DNA and incubating for 15 
min at room temperature. The complexes were then diluted with 
concentrated NaCl to give a final DNA concentration of 0.5 mM 
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and the desired NaCl concentration. The samples were added to 
the nebulizer and the weight difference between the empty and 
full nebulizer was used to quantitate the exact amount added. 
Samples were aerosolized into an all glass impinger (AGI; Ace 
Glass Inc., Vineland, NJ) containing 4 ml of phosphate-buffered 
saline (PBS). To prevent the formation of negative pressure over 
the nebulizer, a Y-shaped tube that was open to the atmosphere 
was placed between the nebulizer and the impinger. This allowed 
for the influx of diluting air to compensate for the difference in 
air flow through the nebulizer and AGI. Using this arrangement, 
no aerosol was seen to escape from the AGI, although a small 
amount of aerosol did accumulate on the tubing. The nebulizer 
was weighed after the aerosolization process to determine the 
amount of material aerosolized. The AGI was rinsed sequentially 
with 4 ml of octylglucoside buffer (100 mAf octylglucoside in dis- 
tilled H 2 0), 4 ml of PBS, and finally with another 4 ml of the 
octylglucoside buffer. The nebulizer was then weighed to deter- 
mine the total volume of liquid it contained (~ 1 6 ml). The amount 
of material in the impinger was determined by comparing the flu- 
orescence of the impinger solution to standard curves generated 
with starting material diluted in a 1:1 (vokvol) solution of PBS 
and 100 mAf octylglucoside. Fluorescence was measured with a 
constant wavelength analysis program on a Spex Fluoromax spec- 
trofluorometer. The lipidrpDNA molar ratio of the aerosolized ma- 
terial was Determined by quantitating the lipid (Rh-PE) and DNA 
(TOTO-1) fluorescence. 

Determination of aerosol particle size 

Cationic lipid:DNA complexes were prepared from lipid GL- 
53:DOPE:Rh-PE (1:1:0.025) and sheared salmon sperm DNA 
(sssDNA) at molar ratios of cationic lipid:DNA ranging from 
0.25:1 to 1.25:1. After a 10-min incubation at room tempera- 
ture, concentrated NaCl was added to give a final NaCl con- 
centration of 150 mM. Samples were then aerosolized for 4-5 
min and the aerosol stream sampled with an Anderson cascade 
impactor. Two aerosolization runs were performed at each 
lipid: DNA ratio. 

Zeta potentials 

Zeta potentials of the samples were measured (five mea- 
surements per sample) employing a Malvern Zetasizer 4 
(Malvern Instruments, Southborough, MA.) in a zeta cell (AZ- 
104 cell, Malvern Instruments Co.). Dried lipid films contain- 
ing the cationic lipid and DOPE were hydrated in water. 
Typically DNA was diluted to a concentration of 300 yM in 
water. The DNA solution was added to an equal volume of 
cationic lipid vesicles and incubated at room temperature for 
10 min. After complex formation, low- and high-ionic-strength 
samples were prepared by adding NaCl to a final concentration 
of 1 mAf and 150 mAf NaCl, respectively. Photomultiplier sig- 
nals were maintained below 4,000 counts per second for opti- 
mal signal to noise by diluting samples with the appropriate 
NaCl solution. 

In vitro transfection activity of aerosolized cationic 
Upid:pDNA complexes 

The ability of aerosolized cationic lipid:pDNA complexes to 
transfect cells in culture was assessed using the immortalized 



cystic fibrosis (CF) airway epithelial cell line CFT1 
(Yankaskas et a/., 1993)^ CFT1 cells were plated in 96- well 
microtiter plates at 7.5 x 10 3 cells/well and grown to conflu- 
ency. Cationic lipid:pDNA complexes (GL-53:DOPE:Rh-PE 
[1:1:0.005]) were prepared at different cationic Iipid:pDNA 
ratios by adding 4 ml of cationic lipid vesicles in water to 4 
ml of pDNA in a sterile 15-ml conical tube, mixing by in- 
version, and then incubating at room temperature for 10 min. 
Concentrated NaCl (2 ml) was then added, giving final pDNA 
and NaCl concentrations of 0.5 mAf and 150 mAf, respectively, 
and the sample mixed by inversion. To prevent exposure of 
half of the cells on the 96-well microtiter plate to the aerosol, 
one-half of the wells were covered with an adhesive plastic 
film (SealPlate, Rainin Instruments Co. Inc., Woburn, MA). 
The medium in the remaining wells were aspirated and re- 
placed with 50 p\ of Opti-MEM. The plate was placed in an 
acrylic box connected to the nebulizer and exposed to one 
reservoir of aerosol prepared at the desired cationic 
lipid:pDNA ratio. The box was vented through a Pall BB-50T 
Breathing Circuit Filter (Pall Biomedical Inc., Fajardo PR 
00648). After aerosolization, an additional 50 p\ of Opti- 
MEM was added to each of the wells that had been exposed 
to the aerosol. After a 4-hr incubation at 37°C, 50 p\ of Opti- 
MEM containing 30% fetal bovine serum (FBS) was added to 
each well. The cells were fed the next day with 100 p\ of 
Opti-MEM containing 10% FBS. 0-Gal activity in the cells 
was assayed 2 days post-treatment using methods previously 
described (Feigner et al., 1994). 

To quantitate the amount of lipid transferred onto the CFT1 
cells following aerosolization, a 96-well microtiter plate con- 
taining 100 p\ of 1% SDS/well was placed in the acrylic box 
next to the plate containing the cells. After aerosolizing the 
complex into the box, the Rh-PE fluorescence in each well of 
the microtiter plate was measured with a fluorescence plate 
reader (Cytofluor 2350, Millipore) and quantitated using a stan- 
dard curve prepared from the starting material. The aerosol was 
found to distribute evenly over the 96-well plate for all 
lipid:pDNA ratios tested. 

The concentration of the cationic lipid:pDNA complex in 
the nebulizer reservoir after aerosolization was calculated by 
comparing the Rh-PE fluorescence of an aliquot to a standard 
curve of Rh-PE fluorescence prepared from the starting ma- 
terial. The concentration of pDNA was then estimated as- 
suming that the molar ratio of cationic lipid:pDNA remained 
essentially the same throughout the nebulization procedure 
(see Fig. IB). 

Aliquots of the starting material (nonaerosolized complex) 
and material remaining in the nebulizer at the end of the neb- 
ulization were removed to compare their in vitro transfection 
efficiencies with that of the aerosolized material. Both the start- 
ing and ending material were diluted with Opti-MEM to a DNA 
concentration of approximately 100 pM. Aliquots (250 p\) of 
the diluted complexes were added to each of three wells of a 
96-well microtiter plate and serially diluted with Opti-MEM to 
give a range of DNA concentrations (100 pM to 0.78 \jM), 
After aspirating the medium from the CFT1 cells that had been 
protected from exposure to the aerosol, 100 /xl of these serially 
diluted complexes were added to the corresponding wells of the 
plate containing the CFT1 cells. After a 4-hr incubation at 37°C, 
50 p\ of Opti-MEM containing 30% FBS was added to each 
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well. The cells were fed the next day with 100 p\ of Opti-MEM 
containing 10% FBS. 0-Gal activity was assayed 2 days after 
exposure to the complexes employing methods previously de- 
scribed (Feigner et al., 1994). 
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aerosol delivery of cationic lipid GL-53:pDNA formulations us- 
ing a commercially available nebulizer. 



Agarose gel electrophoresis 

Aliquots of the cationic lipid:pDNA complexes were removed 
from the nebulizer reservoir after 0, 5, 10, 15, 20, 25, and 30 min 
of aerosolization at the end of the experiment for agarose gel elec- 
trophoresis. Because the cationic lipid:pDNA complexes became 
concentrated during the aerosolization procedure, the rhodamine 
fluorescence of each sample, within each group (i.e., each cationic 
hpid:pDNA ratio), was adjusted to the same level as the non- 
aerosolized sample. Because the pDNA ratio was maintained dur- 
ing aerosolization, this correction insured that the same amount 
of pDNA was loaded into each well. Aliquots of each sample were 
added to two 0.5-ml microcentrifuge tubes and diluted with ei- 
ther water or 1 % SDS (0.33% final concentration); 1 0 /xl of load- 
ing buffer (25% sucrose, Orange G to color) was added to each 
sample. Samples were vortexed briefly and 30 fd loaded on a 
0.75% (wt/vol) agarose gel (-1.3 /tg pDNA/well). Gels were 
electrophoresed in IX Tris-borate-EDTA (TBE) at 100 V for 
1-1.5 hr, stained overnight with SYBR Green nucleic acid stain 
(Molecular Probes Inc., Eugene, OR), and photographed em- 
ploying a SYBR Green photographic filter. 

In vivo transfection by aerosolized cationic 
Hpid.pDNA complexes 

The ability of an aerosolized cationic lipidrpDNA formulation 
to transfect mouse lungs was assessed employing a pCFl-CAT 
a plasmid encoding the CAT gene (Lee et ai, 1996). Sixteen fe- 
male BALB/c mice were placed in an Intox nose-only exposure 
chamber and exposed to between one and four 10-mi reservoirs 
of aerosolized cationic lipid GL-67:DOPE (l:2):pDNA complex 
prepared at a cationic lipid GL-67:pDNA molar ratio of 0.75:1 
and a DNA concentration of 2 mM in 25 mA/ NaCl. Four mice 
were removed after aerosol delivery of each reservoir of complex 
All mice were sacrificed 2 days after exposure to the aerosol, their 
lungs excised, perfused with PBS, homogenized, and assayed for 
CAT activity following reported procedures (see Lee et a/„ 1 996). 
Mice naive to treatment were used to establish background lev- 
els of chloramphenicol acetyiation. 



RESULTS 

Previously, we have identified several cationic lipid:pDNA 
formulations capable of mediating efficient gene transfer into 
lungs following intranasal instillation into mice (Lee et «/., 
1996). Initially, the most potent cationic lipid identified was 
that designated GL-53. The complexes that produced the high- 
est levels of activity were those prepared at cationic lipidrpDNA 
molar ratios of approximately 0.25:1. Agarose gel elec- 
trophoresis of these complexes indicated the presence of a large 
excess of unbound DNA. Because the most likely route of ad- 
ministration of gene therapy vectors to the lungs of CF patients 
is through an aerosol, and because we had observed (unpub- 
lished observations) that uncomplexed, or "free" pDNA was 
rapidly degraded during aerosolization, we sought to optimize 



Effect of ionic strength of the suspending medium on 
the transfer efficiency of cationic lipid.DNA complexes 

Initial experiments were designed to optimize the amount of 
lipid:DNA complex delivered by aerosol. Cationic lipid GL- 
53:DNA complexes were prepared at molar ratios of cationic 
hpidrDNA ranging from 0.25:1 to 1.25:1. Following prepara- 
tion the complexes were diluted with water or NaCl and then 
nebulized. The effects of excipient and canonic lipid:DNA ra- 
tio on transfer efficiency were examined using fluorescently la- 
beled lipid and DNA. Figure IA shows that the transfer effi- 
ciency of complexes suspended in water decreased as the 
cationic lipid:DNA ratio increased. This decrease was much less 
apparent when complexes were nebulized from a saline- 
containing solution. For all cationic lipid:DNA ratios above 
0.25:1, complexes were transferred by aerosol twice as effi- 
ciently from saline as from water. Nebulization from water was 
also found to result in precipitation of the cationic lipid:DNA 
complex that adsorbed to the sides of the nebulizer. The amount 
of this precipitated complex increased as the ratio of lipid to 
DNA increased; the greatest amount of precipitation by far oc- 
curred at the 1.25:1 ratio. 

Figure IB shows that the initial ratio of cationic 
lipid:DNA was maintained poorly in the aerosol when the 
complexes were aerosolized from water. For complexes pre- 
pared in water at cationic lipid:DNA ratios of <0.75:1, DNA 
was more readily transferred than lipid, resulting in cationic 
hpid:DNA ratios in the aerosolized material that were 
50-70% those of the starting material. This was most likely 
a result of the loss of complex due to precipitation from wa- 
ter and adsorption to the nebulizer, with subsequent prefer- 
ential transfer of the remaining uncomplexed DNA. This hy- 
pothesis is consistent with the observation that the ratio of 
cationic lipid.DNA in the aerosolized material was closer to 
that of the starting ratio for samples produced at higher 
hpid:DNA ratios (Fig. IB), where less free DNA was pre- 
sent. For the complex nebulized from water at a 1.25:1 
cationic lipid:DNA ratio, cationic lipid was preferentially 
transferred through the aerosol. This can also be explained 
by precipitation of the complex, because the relative con- 
centration of DNA would be decreased when precipitated as 
part of the complex, and excess, uncomplexed cationic lipid 
would remain in suspension and be transferred. 

In contrast to the results using water suspensions, Fig. IB 
shows that the initial ratio of cationic Iipid:DNA was well 
maintained when 150 mA* NaCl was used as the excipient. 
For complexes prepared with an excess of cationic lipid (mo- 
lar ratio 1.25:1), the cationic lipid was preferentially 
aerosolized, resulting in a cationic lipid:DNA molar ratio in 
the aerosolized material that was - 1 30% that of the starting 
ratio. This is significantly better than observed with water, 
where the ratio of lipid:DNA in the aerosolized material was 
-150% that of the starting material. A titration of the NaCl 
concentration in these experiments indicated that identical 
transfer efficiencies and maintenance of molar ratios could 
be obtained by NaCl concentrations as low as 25 mM (data 
not shown). 



AEROSOL DELIVERY OF LIPID:DNA COMPLEXES 



317 



Effect of ionic strength of the suspending solution on 
the zeta potential of cationic lipid.DNA complexes 

To determine if the differences in transfer efficiencies observed 
in water and saline were related to the surface charge character- 
istics of the complexes, zeta potentials of the cationic lipid:pDNA 
complexes were determined in buffers of low (1 mM NaCl) and 
physiological (150 mM NaCl) ionic strength. Figure 1C shows 
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FIG. 1. Effects of salt and molar ratio on aerosolization of 
cationic lipid:pDNA complexes. Lipid GL-53:LX)PE:DNA 
complexes were prepared at cationic lipid: DN A molar ratios of 
0.25:1 to 1.25:1 and aerosolized (Puritan Bennett Raindrop 
Nebulizer, 50 psi, 8.4 liters/min) into an AGI. Aliquots were 
quantitated for lipid and pDNA as described in the Methods. 
A. Transfer efficiency (^moles of DNA transferred/ml of ma- 
terial aerosolized) of cationic lipid:pDNA complexes in water 
(•) and 150 mM NaCl (♦). B. Maintenance of cationic 
Hpid:pDNA molar ratio in water (shaded bars) and 150 mM 
NaCl (hatched bars); starting ratio (■). C. Zeta potentials of 
cationic lipid GL-53:DOPE/DNA complexes prepared either in 
1 mM NaCl (•) or 150 mM NaCl (♦). Values shown depict 
means of three determinations; error bars reflect standard de- 
viation. 



that there were significant differences between the zeta potentials 
of the complexes in buffers of different ionic strength, the com- 
plexes being significandy more negative in a solution of physio- 
logical ionic strength than in one of low ionic strength, at any 
given molar ratio. Thus, for example, at a molar ratio of 1.25, a 
complex in I mM NaCl had a positive zeta potential of approxi- 
mately +20 mV, whereas at the identical molar ratio, a complex 
in 150 mM NaCl exhibited a negative zeta potential of approxi- 
mately -50 mV. As the zeta potential of a colloid determines how 
it will interact with other surfaces (in terms of ionic interactions), 
this large difference in zeta potentials may be partially responsi- 
ble for the differences in stability (resistance to precipitation) of 
complexes prepared at different ionic strengths. 

Effect of nebulizer shear forces on pDNA integrity 

Given the potential for shear force-mediated pDNA degrada- 
tion during nebulization in a jet nebulizer, optimal transfection ef- 
ficiency of an aerosolized lipid:pDNA complex would be ex- 
pected to occur when all of the pDN A is complexed. The integrity 
of the pDNA during aerosolization using a Puritan Bennett 
Raindrop nebulizer was examined as a function of the molar ra- 
tio of cationic lipid: pDNA. In Fig. 2, agarose gel electrophoresis 
of samples removed from the nebulizer reservoir at various time 
points throughout the aerosolization process showed that uncom- 
plexed pDNA was degraded during aerosolization. Thus, for ex- 
ample, free pDNA in complexes prepared at a 0.25:1 ratio be- 
came progressively more degraded with time, as can be seen in 
the samples run in the absence of detergent (lanes 1-8 for each 
lipid: pDNA ratio). Degradation also occurred with time at higher 
lipid:pDNA ratios, but was less obvious because the complexed 
pDNA did not leave the sample well. The integrity of the pDNA 
in the complexes at higher ratios was visualized by dissociating 
the complex with detergent prior to electrophoresis (lanes 9-16). 
Under these conditions, it could be seen that some pDNA degra- 
dation occurred even at a 1.25:1 ratio. It should be noted that the 
bright band within the degraded pDNA smear was determined to 
be rhodamine-PE, most likely bound to SDS. This was obvious 
upon visualization of the gels, as this band became stronger as the 
lipid:pDNA ratio was increased and had a red fluorescence, while 
the DNA fluoresced green. The extent of pDNA degradation at a 
given time of nebulization was seen to decrease progressively as 
the ratio of cationic lipid:pDNA was increased, i.e., as more of 
the pDNA became complexed with lipid. 

The extent and rate of pDNA degradation observed were 
found to be dependent on the nebulizer. Using a different neb- 
ulizer, namely the Pari LC Jet Plus, more rapid degradation of 
free pDNA was observed, but no degradation of complexed 
pDNA was seen (data not shown). The increased rate of free 
pDNA degradation was most likely due to the higher con- 
sumption rate (the volume of material leaving the nebulizer per 
unit time) of the Pari nebulizer (—0.55 ml/mi n) compared to 
that of the Puritan Bennett Raindrop (—0.175 ml/min), which 
for the material remaining in the reservoir translated into more 
cycles through the nebulizer per minute. 

Transfection efficiency of aerosolized cationic 
Upid:pDNA complexes in vitro 

The ability of aerosolized cationic lipid :pDNA complexes to 
transfect cells in vitro was examined as a function of the mo- 
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lar ratio of cationic lipid.pDNA. Figure 3 shows that the high- 
est levels of CFT1 cell transfection by the aerosolized complex 
were obtained when the complex was prepared at a molar ra- 
tio of 0.75:1, with a steady increase in transfection efficiency 
as ihe molar ratio of lipid to DNA was increased from 0 25 1 
to 0.75:1. Importantly, the activity of the aerosolized complex 
was at least as great as that of the starting material at the equiv- 
alent concentration, i.e., aerosolization did not lead to a loss of 
transfecuon activity. In fact, in this experiment, aerosolization 
appeared to .ncrease the activity of the complex. The reason for 
th.s increase is not clear, but may be related to the homoge- 
nizing action of the nebulizer and the creation of a more uni- 
form complex. There were also differences between the spe- 
cific activities of the starting complex and the material left in 
Ae nebulizer. Because the complexes removed from the nebu- 
izer before and after aerosolization were diluted to tJie same 
lipid concentration before being serially diluted and added to 
the cells, this increased activity most likely reflects a change in 
the homogeneity of the complex. The loss of activity in the sam- 
ple prepared at a 1:25:1 ratio may reflect an overestimate of 
Uie DNA concentration since the molar ratio of the components 
did not stay constant through aerosolization at this ratio (see 
Hg. IB). In several other experiments, the activity of the com- 
plex in the nebulizer at the end of the aerosolization was ap- 
proximately equal to or somewhat greater than the activity of 
the starting material, although when higher concentrations of 



DNA were employed, the material remaining in the nebulizer 
pot was less active than the starting material (data not shown). 

Particle size of aerosol 

The aerosol generated by nebulizing complexes prepared at 
different molar ratios of cationic lipid:pDNA was characterized 
using an Anderson Cascade Impactorand a fluorescent lipid to 
monitor the size distribution of the complex. Figure 4 demon- 
strates that the distribution of aerosol droplet sizes produced by 
the Puntan Bennett Raindrop nebulizer was in the respirable 
size range and that this was similar for complexes prepared over 
the enure range of molar ratios of cationic lipid:DNA tested 
The peak aerosol droplet size became progressively smaller as 
*e lipid.DNA ratio was increased, but the mass median aero- 
dynamic diameter (mmad) differed by only 0.19 „m between 
the extremes of lipid.DNA molar ratios employed. The geo- 
metric standard deviation ranged from 3.26 to 2.78 for the com- 
plexes prepared at molar ratios of 0.25 and 1.25:1, respectively 
Although the air pressure through the Bennett Raindrop neb- 
ubzer was maintained at 50 psi, the flow of air through the neb- 
ulizer had to be restricted to 8.4 liter/min instead of the maxi- 
mally obtainable 13.6 liter/min to minimize loss of sample due 
to splattering. The splattering of relatively viscous samples of 
cationic lip,d:DNA complexes out of the nebulizer proved to be 
a significant problem with the Puritan-Bennett Raindrop nebu- 
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lizer. Because of this relatively low flow rate, the consumption 
rates of the cationic lipid:pDNA complexes employing this neb- 
ulizer were on the order of 0.175 ml/min. When cationic lipid 
vesicles alone were nebulized, no splattering was observed, and 
the nebulizer could be run at its maximal flow rate, resulting in 
significantly higher consumption rates of —0.6 ml/min. 

Transfection of mouse lungs by a cationic 
Upid:pDNA aerosol 

During the course of these aerosol characterization studies, 
a new cationic lipid was identified that was significantly more 
efficacious than lipid GL-53 in intranasal instillation experi- 
ments in mice. Although structurally similar to lipid GL-53, this 
new lipid (lipid GL-67) was found to have optimal activity when 
formulated with DOPE at a molar ratio of 1:2 (see Lee et al, 
1996). To maximize the transfection efficiency of an aerosol 
delivery using GL-67, pilot experiments were performed to 
evaluate its aerosol characteristics. Lipid:pDNA complexes 
were prepared using cationic lipid GL-67 at a cationic 
lipidrpDNA molar ratio of 0.75:1 (optimal ratio for in vitro 
transfection; see Fig. 3) and the transfer efficiency of the com- 
plex was evaluated as described above for lipid GL-53 :pDNA 
complexes. The GL-67:pDNA complex was found to be effi- 
ciently transferred by aerosol using the P/B Raindrop nebulizer 



in the presence of 25 mAf NaCl, as was found for lipid #GL- 
53 (see above). Agarose gel electrophoresis of the complex pre- 
pared at the 0.75: 1 molar ratio indicated that a small amount of 
pDNA remained uncomplexed at this ratio and was degraded 
during aerosolization; the majority of complexed pDNA was 
found to remain intact throughout the aerosolization procedure 
(data not shown). 

Employing this formulation, groups of 4 BALB/c mice 
were exposed to an aerosol of from one to four reservoirs of 
lipid GL-67:pCFl-CAT in a nose-only exposure chamber. 
After exposing all the animals to one 10-ml reservoir of com- 
plex, a process that took approximately 40 min, 4 animals 
were removed and the remaining animals were exposed to a 
second reservoir. The remaining 8 mice were allowed to rest 
for a period of 2 hr before exposing both groups of 4 mice to 
a third dose and one group to fourth dose of aerosol. Figure 
5 shows that the lungs of mice exposed to the cationic 
lipid:pCFl-CAT aerosol exhibited a dose-dependent expres- 
sion of CAT activity. Mean levels of CAT expression ranged 
from 1.31 ± 0.56 to 17.33 ± 9.13 pg CAT/100 mg of tissue 
for animals exposed to from one to four reservoirs of 
aerosolized lipid:pDNA complexes. For comparison, in- 
tranasal instillation of 50 fi\ of the starting material into 3 
mice resulted in a mean CAT expression of 475 ± 122 pg 
CAT/ 100 mg of lung tissue. 
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FIG. 3. In vitro transfection efficiency of lipid GL-53:DOPE/pCFl-j3-Gal complexes prepared as a function of cationic 
lipid:pDNA ratio. Complexes were prepared in water and incubated for 10 min at room temperature. Following addition of NaCl 
to a concentration of 150 mAf, the complexes were aerosolized onto CFT1 cells in a microtiter plate in an acrylic box. Known 
amounts of starting and ending material were added to unexposed cells. Symbols represent expression levels of 0-Gal observed 
from cells exposed to the starting material (O), ending material (O), and the bars represent the levels from cells exposed to the 
aerosol. Values shown depict means of three determinations; error bars reflect standard deviation. 
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FIG. 4. Aerosol size distributions as a function of molar ra- 
tio. Lipid GL-53:DOPE/DNA complexes were prepared at the 
desired cationic lipidrDNA ratio. Samples were aerosolized 
with a Puritan Bennett Raindrop nebulizer (50 psi 8 4 
liters/nun). Aerosol was generated for 4-5 min and sampled 
with an Anderson cascade impactor to determine the aerosol 
particle size. Lipid vesicles were labeled with rhodamine-PE 
for detection. Cationic lipid:pDNA molar ratios were 0 25 (■) 
0 50 (♦), 0.75 (•), and 1 .25: 1 (A). Values shown depict means' 
of three determinations; error bars reflect standard deviation 



DISCUSSION 

The ability to treat diseases effectively by gene therapy will 
require delivery of potent vectors to the appropriate target tis- 
sues. For diseases that affect the lung, such as CF, the most 
likely practical route of administration is by aerosol. Previous 
investigations have shown that aerosol delivery of cationic 
lipid:pDNA complexes to animal lungs can result in transgene 
expression (Stribling ex a/., 1992; Alton et al. 9 1993; Canonico 
et aL, Conary et al., 1994; 1994; McLachlan et aL, 1995). 
However, these studies involved the use of a single lipid.pDNA 
formulation and have not reported optimization of the parame- 
ters required for the most efficient delivery of functional 
cationic lipidrpDNA complexes by an aerosol route. 

To optimize the conditions required for aerosol delivery of 
Iipid:pDNA complexes, we have examined several parameters 
including the ionic strength of the suspending medium, the 
cationic Iipid:pDNA ratio, the zeta potentials of the complexes 
and the extent of pDNA binding to the cationic lipid. These pa- 
rameters were optimized for: (i) maximal transfer of the com- 
plex through the aerosol while maintaining the initial cationic 
Hpid:pDNA ratio, (ii) maximal complexation of the pDNA to 
protect it from shear, and (iii) maximal in vitro transfection ac- 
tivity of the aerosolized complex. Once an optimal aerosol for- 
mulation was found, it was characterized for its ability to de- 
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liver functional transgenes in an animal model, both in terms 
of aerosol droplet size and transfection activity. 

The most efficient transfer of complexes, i.e., the greatest 
amount of pDNA transferred while maintaining the initial 
lipid:pDNA molar ratio, was observed when NaCl was present 
in the suspending medium (Fig. 1). In nonionic media such as 
water or 5% trehalose (data not shown), the aerosol transfer ef- 
ficiency of the pDNA was found to be reduced and the 
lipid.pDNA molar ratio was poorly maintained. This ionic 
strength effect became more obvious at higher ratios of cationic 
lipid:pDNA (Fig. I). The effect of ionic strength on the zeta 
potential of the complex may in part account for these effects. 
It was observed that as the charge on the complex approached 
neutrality it tended to precipitate and adsorb more readily to 
surfaces. Based on the zeta potential data shown in Fig. 1C, in- 
creasing the ionic strength of the suspending medium hasthe 
effect of maintaining a negative surface charge on the complex 
at higher mole ratios of cationic lipid:pDNA, and may thereby 
prevent precipitation and improve the aerosol transfer charac- 
teristics of the complex. To maximize transfer of the complexes 
containing GL-53 or GL-67 by aerosol and to maintain the ini- 
tial molar ratio of cationic lipid:pDNA in the aerosolized ma- 
terial, the data suggested that optimal aerosolization should oc- 
cur in saline (>25 mA* NaCI) at cationic Iipid:DNA molar ratios 
S0.75:l. 

To protect pDNA from shearing during aerosolization, one 
would predict that it should be maximally complexed with the 
cationic lipid. This prediction is validated by the data shown in 
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FIG. 5. BALB/c mice were exposed to between 10 and 40 
ml of aerosol containing lipid GL-67:DOPE (l:2)/pCFl-CAT 
at a molar ratio of 0.75:1 and 2 nW DNA in 25 mM NaCl in 
an Intox nose-only exposure chamber. Two days after expo- 
sure, the mice were sacrificed, the lungs excised and assayed 
for CAT activity as described in the Materials and Methods 
section. Symbols indicate CAT levels of individual animals (O) 
or mean values (♦). 
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Fig. 2. That is, as the molar ratio of cationic lipid: pDNA was 
increased, less pDNA degradation was seen over the course of 
the aerosolization. However, even at the highest molar ratio 
tested, 1.25:1, at which all pDNA was complexed to lipid, a 
fraction of the pDNA eventually became degraded as a result 
of the nebulization process. These results therefore imply that 
aerosolization would be optimal at molar ratios s 1.25:1. 
However, at these lipid: DNA ratios, the complexes were found 
to aggregate and precipitate during nebulization, resulting in 
less efficient transfer of the complex. Taken together, these 
DNA protection data and aerosol transfer data (Fig. 1) predict 
that optimal transfection by aerosol would occur in saline at a 
molar ratio for which the effects of pDNA transfer are balanced 
by the effects of pDNA protection. 

This hypothesis was tested in vitro by aerosolizing cationic 
lipid:pDNA complexes onto tissue culture cells as a function of 
the cationic lipid:pDNA ratio. The data shown in Fig. 3 indicate 
that the effects of transfer and pDNA protection resulted in op- 
timal transfection at a molar ratio of 0.75: 1. Not only was a max- 
imum amount of pDNA transferred at this ratio, but the trans- 
ferred complex appeared to be optimally "potent" at this ratio. 
In other words, a comparison of the relative amounts of enzy- 
matic activity generated normalized to the amount of pDNA 
transferred as a function of cationic Upid:pDNA ratio showed that 
potency was greatest for complexes aerosolized at the 0.75: 1 ra- 
tio. Potencies of 0.24, 0.56, 0.76, and 0.61 mU 0-Gal/l yM 
pDNA (1 yM pDNA = 33 ng pDNA/100 were observed at 
molar ratios of 0.25, 0.50, 0.75, and 1.25:1, respectively. Thus, 
optimal in vitro transfection by an aerosol of lipid:pDNA com- 
plex was achieved in saline at a cationic lipid:pDNA ratio for 
which most of the pDNA was bound to lipid (Fig. 2), the com- 
plex possessed a negative zeta potential of approximately 50 mV 
(Fig. 1C), pDNA transfer was maximal (Fig. 1A), and the ratio 
was maintained throughout nebulization (Fig. IB). 

Optimal in vivo aerosol deposition in the respiratory tract re- 
quires aerosol droplet sizes in the 1- to 5-/im range (Bates et 
ai, 1966). Characterization of the aerosol droplet sizes gener- 
ated by nebulizing the cationic lipid:pDNA complexes from 
saline (Fig. 4) demonstrated that the mean droplet diameters of 
the cationic lipid:pDNA complex preparations were in the l- 
to 2-fim size range and therefore should be appropriate for 
transfection of the respiratory tract. This hypothesis was tested 
in a mouse model (Fig. 5). The resultant data demonstrated that 
the in vitro optimized aerosol formulation was capable of trans- 
fecting mouse lung in a dose-dependent fashion. Animal-to- 
animal variation was significant at the highest dose, with a mean 
expression of ~ 17 pg CAT/ 100 mg of lung tissue. 

This level of expression was significantly lower than that ob- 
tained by intranasal instillation of material removed from the 
nebulizer reservoir before aerosolization (50 /xl of complex 
gave ^425 pg CAT/ 100 mg of lung tissue), and most likely 
was due to differences in the doses received by the animals by 
the two delivery routes. The aerosol dose received by the mice 
is estimated to be much less than the 50 /il instilled. Deposition 
studies that involved extracting the lipid component of 
aerosolized rhodamine-PE labeled complexes from the lungs of 
mice with organic solvents by the method of Bligh and Dyer 
(1959) indicated that only approximately 2 /il of complex were 
deposited in a mouse lung for every 10 ml of material 
aerosolized (data not shown). When compared on the basis of 



delivered dose, aerosolization and instillation gave similar spe- 
cific expression levels. Aerosolization of the complex resulted 
in approximately 2 pg of CAT/ 100 mg per /xl delivered whereas 
instillation produced approximately 8 pg of CAT/100 mg per 
id delivered. 

It is important to realize that the optimized aerosol formation 
determined from these experiments is significantly different from 
that found to be optimal for instillation (Lee et <a/., 1996). Optimal 
lung expression following instillation of GL-67:pDNA com- 
plexes was found to require a cationic lipid:pDNA ratio of —0.25 
and the total absence of excipients. In contrast, the optimal ratio 
of cationic lipid GL-67:pDNA found for aerosol delivery was 
0.75, and a NaCl concentration of at least 25 mM was required. 
These modifications of the instillation formulation were necessi- 
tated by the need for efficient plasmid transfer and protection 
from degradation during nebulization. The optimized aerosol for- 
mulation is —20 to 40-fold less active by instillation from the 
formulation that had been optimized for delivery by intranasal 
instillation. That is, intranasal instillation of 50 /xl of the aerosol 
formulation (1.5 mM lipid GL-67:2 mM DNA in 25 mM NaCl) 
resulted in CAT expression levels of 425 pg of CAT/ 100 mg of 
tissue compared to approximately 10 ng of CAT/ 100 mg of tis- 
sue for 50 yX of a formulation optimized for intranasal instilla- 
tion (0.5 mM GL-67:2 mM DNA in water). However, the for- 
mulations optimized for intranasal instillation were either much 
less active than the optimized aerosol formulation or completely 
inactive when delivered via an aerosol. 

Although it is clear that the present aerosol formulation is 
capable of transfecting lung tissue by an aerosol route, it is also 
clear that there is a need to exceed the current expression lev- 
els. In principle, expression levels can be increased by in- 
creasing the deposition of the complex, i.e., the "dose," or by 
increasing the potency of the complex. Major limitations of the 
present optimized aerosol formulation that must be overcome 
to obtain greater levels of transfection by aerosolization of 
cationic lipid:pDNA complexes are: (i) the suspension insta- 
bility of complexes prepared at higher concentrations under 
conditions in which all of the pDNA is complexed with lipid 
for protection against nebulizer-induced degradation, and (ii) 
the requirement for an ionic excipient, e.g., NaCl, in the for- 
mulation, which depresses transfection activity. Present studies 
are focused on developing new formulations of cationic 
lipid:pDNA complexes with the potential of increasing aerosol- 
mediated transfection. This research will help determine the 
practical utility of aerosol delivery of cationic lipid:pDNA vec- 
tors for the gene therapy of respiratory indications. 
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ABSTRACT 

Aerosol delivery of gene therapy for treatment of lung diseases allows topical treatment of the airways with 
DNA concentrations not obtainable by systemic administration. We have investigated delivery of cationic li- 
posomes complexed to plasmid DNA in a small particle aerosol. Plasmid cDNA-DMRIE/DOPE complexes 
were nebulized using either an Aerotech II or Puritan-Bennett 1600 (PB1600) nebulizer. Reservoir sampling 
showed that DNA-DMRIE/DOPE complexes were damaged to a significant degree during nebulization, such 
that activity of transfected gene was diminished. Of the nebulizers analyzed, DNA-DMRIE/DOPE complexes 
were more stable in the PB1600. The loss of effective transfection by DNA-DMRIE/DOPE, as detected by de- 
creased reporter gene activity in A549 lung cells, was consistent with denaturation of the DMRIE/DOPE. In 
contrast, nebulized DNA-DOSP A/DOPE complexes retained complete ability to transfect. Adjustments to flow 
rate and reservoir volume of the PB1600 allowed a longer period of delivery of active DNA-DMRIE/DOPE 
particles. DNA-DMRIE/DOPE was radiolabeled with Technetium-99m (""Tc), nebulized, and the output 
captured in either an Andersen Sampler (AS) (Andersen, 1958) cascade impactor particle size analyzer or an 
all glass impinger. cDNA-cationic lipid complexes were detected in size ranges of 0.4-10 /im, with most par- 
ticles found between 1-2 /im. Aerosol output was consistent from 0 to 5 min. These results show the feasibil- 
ity of aerosol delivery of DNA-cationic lipids for the purposes of gene therapy to the lung. 



OVERVIEW SUMMARY 

DNA-cationic lipid complexes were nebulized using either 
of two nebulizers with differently designed jets, the 
Aerotech II or Puritan Bennett 1600. Damage to the 
DNA-DMRIE/DOPE complexes during nebulization was 
shown by a decrease in activity of the transfected gene. In 
contrast, DNA-DOSPA/DOPE was not significantly dam- 
aged by nebulization in the PB1600 nebulizer. Damage to 
DNA-DMRIE/DOPE complexes was consistent with the 
separation of the DOPE from the DNA-DMRIE occurring 
with the reflux of the DN A— lipid through the nebulizer jets. 
These results indicate that a more stable DNA-cationic lipid 
complex is desirable for aerosol delivery of gene therapy. 
Effective DNA-DMRIE/DOPE particles could be delivered 
for a longer period of time by decreasing the flow rate and 
increasing the reservoir volume. Using Technetium -99m -la- 
beled complexes, the particle size of the nebulized 



DNA-DMRIE/DOPE complexes was shown to be primar- 
ily in the 1 to 2-pim range, which would target the lower 
airways. 

INTRODUCTION 

Gene transfer to the respiratory tract for the correc- 
tion of genetic defects such as cystic fibrosis or a- 1 -anti- 
trypsin deficiency is currently being tested in clinical trials 
(Eissa et aL, 1994; Nabel et aL, 1994; Welsh et aL, 1994). 
Expression of genes transfected to human and animal lung tis- 
sue using cationic lipids has been demonstrated in vivo and the 
DNA-lipid was well tolerated by the host (Stribling etal., 1992; 
Yoshimura et aL, 1992; Hyde et aL, 1993; San et aL, 1993; 
Canonico et aL, 1994; Nabel et aL, 1994; Logan et aL, 1994). 
Although there are several ways to deliver an aqueous prepa- 
ration of the DNA-*cationic lipid to the lung, such as intratra- 
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cheal or intranasal instillation (Yoshimura et al., 1992), genetic 
material in aqueous solution has been placed in a nebulizer and 
delivered as an aerosol (Stribling et al., 1992; Canonico et ai, 
1994; McLachlan et al., 1994). Delivery of genes to the lung 
by aerosol is appealing because the procedure is noninvasive 
and genetic material can be delivered directly to the tissue of 
interest. DNA may also be delivered to the lung in quantities 
not obtainable by systemic administration, and aerosol delivery 
avoids delivery to organs not targeted for gene therapy. 

A major obstacle to the use of DNA-<:ationic liposome 
aerosol to lungs has been low transfection efficiency. In some 
cases, large quantities of DNA-lipid were required to see a 
modest response (Stribling et al., 1992; Canonico et ai, 1994). 
It is currently unclear as to whether or not this low efficiency 
is due to damage of the DNA-lipid complex during nebuliza- 
tion, poor uptake, or low expression of the transfected gene. 

We have used DNA-cationic lipid complexes to develop 
standard methodologies suitable for delivery of DNA-cationic 
lipid complexes to the lung as an aerosol. We have found that 
considerable damage occurs to some DNA-lipid complexes us- 
ing several nebulizers. To improve efficiency, DNA-cationic 
lipid nebulization requires clearly defined parameters with re- 
gard to reservoir volume, flow rate, and particle size. These re- 
sults should help direct future DNA-liposome aerosol delivery 
for the purposes of gene therapy. 



MATERIALS AND METHODS 

cDNA 

Escherichia coli bacterial pastes containing plasmid 
pCMV/Jgal were obtained from Genzyme Corp. (Framingham, 
MA). Plasmid DNA was extracted and purified using the 
Qiagen Ultrapure 100 column (Qiagen, Chatsworth, CA). DNA 
concentration was determined by A 2 m in the ultraviolet range 
( 1 unit of optical density at a UV wavelength of 260 nm equals 
50 Mg/mO and comparing similar concentrations of Qiagen-pu- 
rified DNA with CsCl-purified DNA. 

Lipids 

23-Dioleyloxy-/V-[2(sperminecarboxamido) ethy 1]-/V ^-di- 
methyl- 1-propanaminium trifluoroacetate (DOSPA), dioleoyl 
phosphatidylethanolamine (DOPE) (DOSPA/DOPE, Lipofecta- 
mine) was purchased from GIBCO/BRL. /V-(2-hydroxyethyl)- 
/VJV-dimethyl-2J-bis (tetradecytoxy)-l-propanaminium bro- 
mide (DMRIE)/DOPE was obtained, from Vical (San Diego, 
CA). DMRIE/DOPE was rehydrated with 1 ml of sterile, en- 
dotoxin-free water and rocked for 30 min at room temperature 
prior to use. 

DNA-liposome preparation 

For most efficient use of materials, the DNA-lipid ratio was 
optimized as follows. A constant concentration of plasmid 
cDNA (2.5 fig) was combined with various concentrations of 
cationic lipid in water to generate a panel of DNA:lipid ratios. 
DNA-lipid mixtures were allowed to incubate for 15 min at 
room temperature, and the complexes resolved on a 1 % agarose 
gel in IX Tris-acetate (40 mAf)-EDTA (2 mAO (TAE) buffer. 



All experiments used the first DNA: lipid concentration where 
the net charge appeared to be zero in that the DNA-lipid com- 
plex remained at the gel origin. This procedure was repeated 
for each new lot number of lipid. In addition, the same range 
of DNA-lipid concentrations was tested for transfection effi- 
ciency on A549 cells and found to corroborate the optimal 
DNA:lipid determined by gel analysis. A 1:4 DNA-to-lipid ra- 
tio for DMRIE/DOPE and a 1:3 DNA-to-lipid ratio for 
DOSPA/DOPE was used. For nebulization, DNA was diluted 
to a 80 /ng/ml in 2.5 ml of water and added drop-wise to the 
diluted lipid DMRIE/DOPE, 320 fig/ml DOSPA/DOPE, 240 
/ig/ml, each in 2.5 ml of water). The diluted DNA-lipid was 
incubated for 15 min at room temperature. Size of the 
DNA-cationic liposomal complexes was analyzed by light scat- 
ter in a Coulter Counter calibrated with defined-size latex beads. 
At room temperature, using DMRIE/DOPE at the 1:4 ratio, 
complexes were in a range of 3-5 pm. 

Nebulizers and conditions 

The Puritan-Bennett 1600 nebulizer was modified to produce 
a liposome aerosol of 1-2 /tm mass median aerodynamic di- 
ameter (MMAD) by the use of only one jet (PB 1600, Carlsbad, 
CA) (single jet, SJ). A flow rate of 15 liters/min was used un- 
less otherwise specified (Waldrep et ai, 1993b). A flow rate of 
10 liters/min was employed with the AEROTECH II (ATII, 
Bedford, MA). Unless specified otherwise, the reservoirs con- 
tained a volume of 5 ml. 

Generation of DNA-lipid small-particle aerosol 

Lipid-DNA mixtures were added to the reservoir of a jet 
nebulizer. Compressed air was forced through the nebulizer at 
50 pounds per square inch (psi) and the air flow rate from the 
compressor was adjusted with a flow meter (Puritan, Carlsbad, 
CA). The reservoir contents were sampled (100 fi\) before neb- 
ulization (T = 0), after 3, 6, and 10 min of nebulization, and at 
virtual dryness, unless otherwise specified. Alternatively, out- 
put was captured in an all-glass impinger (AGI) (model 7542, 
Ace Glass, Vineland, NJ) containing 5 ml of water (Waldrep 
et ai, 1993b). 

Aerosol particle -size determination 

" m Sodium Pertechnetate (" m Tc) Studies: DNA-lipid was 
labeled with 99m Tc as described (Vidgren et al., 1995). Forty 
micrograms of DNA was combined with 160 /ig of 
DMRIE/DOPE in 1 ml of sterile water and allowed to incubate 
for 15 min. 3M stannous chloride, (0.5 ml) was added to 
DNA-lipid followed by 1 ml of "Tc, (2 mCi/ml; Syncor 
International Corp, Houston TX). The mixture was incubated 
for 30 min at room temperature. Incorporation of the ""Tc was 
determined by filtration in a Centri-free micropartition filter 
(Amicon, Beverly MA), which retains the labeled liposomes 
and filters the unincorporated label. Incorporation of ""'Tc was 
routinely 99%. Volume was brought to 5 ml with water and so- 
lution nebulized in a PB 1600 nebulizer and a 30-sec blast was 
captured in an Andersen Sampler Cascade Impactor ( Andersen- 
Graseby, Atlanta, GA). Following nebulization, stainless steel 
plates were removed from the Andersen Sampler and directly 
counted for 1 min with a Ludlum Geiger-Mueller counter 
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(model 2200 portable scaler/rate meter) equipped with a gamma 
detector at a distance 15 cm from the source. While the un- 
neubulized DNA-DMRIE/DOPE complexes are 3-5 fim in size, 
the complexes in water droplets are resized in the nebulizer jets 
(Waldrep et al, 1993b). 

Transfection of A549 cells 

Reservoir Sampling: A 100-/Ltl aliquot of the reservoir sam- 
ple was combined with 400 p\ of sterile water, and mixed with 
an equal volume (0.5 ml) of 2X Optimem (Life Technologies, 
GIBCO/BRL). For transfection, A549 cells (30% confluent) 
were overlaid with DNA-cationic lipid complexes and incu- 
bated for 2-2.5 hr at 37°C in a humidified, 5% C0 2 incubator. 
Overlay was replaced with Dulbecco's minimal essential 
medium (DMEM; Life Technologies/GIBCO) plus 10% fetal 
bovine serum (FBS; Hyclone) and cells further incubated for 
48 hr. Cells were either fixed and stained for /3-galactosidase 
activity (0-Gal; 5'-3' Inc., Boulder, CO) (Dannenberg and 
Suga, 1981) or lysed and assayed for total protein using the 
BCA microtiter assay as specified by the manufacturer (Pierce 
Chemical Co., Rockford IL) and for /3-Gal activity using a 
Chlorophenored-/3-D-galactopyranoside colorimetric microtiter 
assay as described (CPRG) (Boeringher- Mannheim, Germany) 
(Eustice et aL, 1991). 

Output Sampling: Output was captured in an AG I as de- 
scribed (Waldrep et aL, 1993b). At the completion of nebu- 
lization, the water from the AGI was combined with an equal 
volume of 2X Optimem, and 1 ml transfected on A549 cell 
monolayers; cells were subsequently lysed and assayed for f$- 
Gal activity as described above. 

Characterization of nebulized particles 

DNA: After nebulization, DNA was stripped from the 
D MR IE/DOPE by bringing the concentration of sodium dode- 
cyl sulfate (SDS) in the sample to 0.1% and heating at 55°C 
for 20 min. DNA was resolved on a 1 % agarose gel in TAE 
buffer. The DNA was denatured in the gel with base and trans- 
ferred to nylon filter (Hybond, Arnersham, UK). The filter was 
hybridized to a 32 P-labeled homologous probe (pCMV/3gal), la- 
beled by random priming as described (Feinberg and 
Vogelstein, 1983). After washing, the blot was exposed to film 
(XAR-5, Kodak) for autoradiography. 

DMRIE-DOPE: A 160-Mg/ml amount of DMRIE/DOPE in 
5 ml of water was nebulized in a PB 1600 jet nebulizer as de- 
scribed, using the specified flow rate (Waldrep et aL, 1993b). 
Samples were removed at T = 0, 3, 6, and 10 min. 100 ul of 
each sample was combined with 4 ug of DNA, incubated at 
room temperature for 15 min and transfected into A549 cells 
as described above. Alternatively, 100 /xl was dried under a 
stream of N2 gas. Samples were resuspended in 40 ^il of 
methanol-acetonitrile mobile phase and 20 fii injected into a 
Waters HPLC (NovaPak Silica) (Grit et aL, 1991). DOPE (10 
fig) (Avanti Polar Lipids, Birmingham, AL) was similarly dis- 
solved and served as the HPLC standard for the DOPE com- 
ponent of DMRIE/DOPE. DMRIE alone was unavailable. The 
lipid was detected using a SEDEX 55 mass evaporator 
(SEDERE, Alfortville, Cedex, France). A final reservoir sam- 
ple was dried under N 2 , resuspended in tertiary butanol (EM 
Science), frozen, and lyophilized. DMRIE/DOPE was recon- 



stituted in 500 /xl of water. 4 fig of DNA added, and incubated 
for 15 min at room temperature. An equal volume of 2x 
Optimem was added and A549 transfected. 

RESULTS 

Nebulizers deliver DNA-liposome complexes with 
different efficiencies 

Two jet nebulizers with different designs, the PB 1600 and 
AT II, were chosen for testing. Plasmid DNA (200 fig) 
(pCM Vj3gal) and DMRIE/DOPE (800 fig) were diluted in 5 ml 
of water to give a DNA: lipid ratio by weight of 1 fig of DNA 
to 4 fig of lipid. The suspension was added to the nebulizer 
reservoir and nebulized. Figure 1 compares the activity of trans- 
ferable material remaining in the reservoir of the ATII and the 
PB1600 at various times during nebulization. Activity of the 
DNA-lipid complexes sampled from the ATII was decreased 
to 30% of starting activity within 3 min. Further decreases in 
activity with time were not seen; activity remained in the 
25-30% range. In contrast, 85% of the starting activity re- 
mained in the reservoir of the PB1600 at 3 min and by 6 min, 
50% of starting activity was still evident. Loss of activity was 
linear with time, which would suggest a loss of activity rela- 
tive to the amount of cycling through the jets (DNA-lipid com- 
plexes were stable upon standing). Because the least damage 
was done using the PB 1600, the remaining studies focused on 
the use of this nebulizer. 

Transferability of DNA-DMRIEJDOPE decreases due 
to cationic lipid complex denaturation 

To determine the nature of loss of transfection efficiency, 
samples harvested from the reservoir during nebulization were 
treated with 0.1% SDS to dissociate the DNA from the lipid so 
that DNA structure could be examined. The retention of the 
non-SDS-treated DNA-DMRIE/DOPE samples at the gel ori- 
gin show that the cationic moiety in the lipid remained com- 
plexed to the DNA. SDS-treated samples resolved on an agarose 
gel showed that the DNA eluted from lipid had structures sim- 
ilar to that of freshly diluted DNA run concomitantly (Fig. 2, 
lane 1 ); three bands can be seen in the control as well as neb- 
ulized samples with the highest molecular-weight band repre- 
senting linear, the middle band representing circular nicked, and 
the lowest molecular-weight band representing the supercoiled 
plasmid DNA. Because the supercoiled structure is the most 
fragile of the three plasmid structures, the fact that there was 
no loss in supercoiled DNA, indicates that the DNA was quite 
stable in the presence of cationic lipid, even during nebuliza- 
tion. In contrast, naked DNA was rapidly degraded by nebu- 
lization (3 min or less; data not shown). 

To examine the effect of nebulization on the cationic lipid 
alone, DMRIE/DOPE (160 figJmX) without DNA was diluted 
in 5 ml of water, nebulized, and combined with DNA after neb- 
ulization. Transfection efficiency virtually paralleled that seen 
when DNA-DMRIE/DOPE was nebulized as a complex, sug- 
gesting that the DMRIE/DOPE was altered by the nebulization 
process (Fig. 3 A). In attempts to determine the nature of the al- 
teration to the lipid complex, the samples were analyzed by 
HPLC, using a mass evaporation detector, which would also 
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FIG. 1. Transfection efficiency of DNA-DMRIE/DOPE complexes during nebulization. A total of 200 fig of pCMVjSgal and 
800 fig of DMRIE/DOPE were combined in 5 ml of distilled water and incubated for 45 min. Suspension was nebulized ac- 
cording to manufacturer's specifications: Aerotech II, 10 liters/min; PB1600 SJ, 15 liters/min. A sample of 100 fi\ was harvested 
from the reservoir at T = 0, 3, 6, and 10 min. Fifty microliters of this sample was combined with 450 yA of water, mixed with 
2X OPTIMEM, and A549 cells were transfected. At 48 hr, cell lysates were harvested and assayed for /3-Gal activity. Results 
are presented as percent of starting activity (T = 0) ([activity at T = n/activity of T = 0] X 100) and are representative of three 
experiments. 



detect oxidized lipid forms (Grit et aL, 1991). The peak of 
DMRIE and peak of DOPE showed that retention times were 
consistent between un-nebulized and nebulized samples. New 
or oxidized by-products were not seen (Table 1 ). The areas un- 
der the peaks for the two components showed that the lipids 
concentrated by about 40% during nebulization, representing a 
loss of water vapor in an excess of DNA-lipid. Although a trend 
toward a greater loss of DOPE over DMRIE was seen in sev- 
eral experiments, the difference was not numerically signifi- 
cant. 

In the absence of oxidative damage, it was possible that the 
DNA-lipid complexes underwent a change such that the DOPE 
separated from the DNA-DMRIE. In fact, Feigner et al. (1994) 
have shown that transfection by DNA-DMRIE does not occur 
in the absence of DOPE. In attempts to determine the rela- 
tionship of DNA-DMRIE/DOPE during nebulization, 
DMRIE/DOPE was nebulized in the absence of DNA as de- 
scribed above and aliquots were harvested at various times. The 
reservoir samples were split; one aliquot was retained as a neb- 
ulized, untreated control. The other aliquot was dried under a 
stream of N 2 and liposomes were relyophilized to reform the 
DMRIE/DOPE complex as described in Materials and Methods. 
DNA was added to the reformed liposomes as well as to the 
nebulized, untreated control and the samples were transfected 
into A549 cells. As can be seen in Fig. 3A, when the liposomes 
were reformed by resolubilization and lyophilization before 
adding DNA, reporter activity in transfected A549 cells was re- 
stored. In fact, increased activity was seen with the reconsti- 
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FIG. 2. DMRIE/DOPE stabilizes DNA during nebulization. 
Two hundred micrograms of pCMV/3gal and 800 fig of 
DMRIE/DOPE were combined in 5 ml of distilled water and 
incubated for 45 min. Suspension was nebulized in a PB 1600- 
SJ nebulizer according to the manufacturer's specifications. 
Aliquots were removed at the times specified and half of the 
aliquot was treated with 0. 1 % (final concentration) SDS at 55°C 
for 10 min to elute the lipid. SDS-treated and untreated DNA 
samples were resolved by electrophoresis in a \% agarose gel. 
DNA in the gel was denatured and blotted onto a nylon filter 
and hybridized to a homologous 32P-labeled pCMV/3gal probe. 
After washing, the blot was subjected to autoradiography. SDS- 
treated, un-nebulized plasmid DNA serves as a control. The re- 
sults are representative of two experiments. 
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FIG 3. Structure of cationic lipid-DNA complexes during nebulization. A. DNA-DMRIE/DOPE or DMR IE/DOPE alone was 
nebulized in the PB1600 jet nebulizer. Reservoir samples were harvested at T = 0, 3, 6, and 10 min. DNA-DMRIE/DOPE sam- 
ples were mixed with 2x transfection medium and transfected into A549 cells. One aliquot of nebulized DMR IE/DOPE was 
combined immediately with 4 fxg of DNA and transfected into A549 cells. Another aliquot of the nebulized DMRIE/DOPE sam- 
ples was dried under N,, redissolved in tertiary butanol, frozen, lyophilized, and dissolved in sterile, LPS-free water. DNA was 
added and the complex was incubated at room temperature for 15 min. B. A 5-ml sample of DNA-DOSPA/DOPE was nebu- 
lized in a PB1600. Aliquots were remove at T = 0, 3, 6, and 10 min. All nebulizer samples were combined with 2X Optimem 
and A549 cells were transfected. Cell lysates were harvested and assayed for /3-Gal activity. Results are presented as a percent- 
age of starting activity, meaning the T - 0 time point ([activity at T = ^/activity of T = 0] x 100). Data shown are representa- 
tive of three experiments. 



tuted material. The enhanced activity might have been due to 
the concentration of the lipids during nebulization, as was seen 
by HPLC analysis. Lyophilization of freshly reconstituted 
DMRIE/DOPE (T = 0 time point, Fig. 3 A) did not demonstrate 
enhanced transfection, ruling out that relyophilization of 



DMRIE/DOPE increased activity. The type of denaturation is 
consistent with DOPE becoming dissociated from the 
DNA-DMRIE during nebulization. 

To determine whether other cationic lipid combinations are 
similarly denatured during nebulization, DNA-DOSPA/DOPE 
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Table 1. HPLC Analysis of Nebulized Cationic Lipid 3 



Neb. 


DMR1E 


DOPE 








time 


(Ret. 


(Ret. 


% 


% 


Total 


(min) 


time) 


time) 


DMRIE 


DOPE 


area 


0 


1.132 


1.892 


0.8 


15.9 


1.5 x 10 7 


3 


1.132 


1.900 


0.8 


20.1 


1.9 x 10 7 


6 


1.128 


1.898 


0.8 


19.7 


1.9 x 10 7 


10 


1.133 


1.905 


1.1 


22.6 


2.2 X 10 7 


15 


1.137 


1.898 


1.2 


17.2 


1.7 x 10 7 


Total 






4.6 


95.4 


9.3 x 10 7 



a DOPE STD retention times: 1.957. Data are representative 
of three experiments. 



was nebulized under similar conditions. As seen in Fig. 3B, the 
activity of DNA-DOSPA/DOPE held up considerably longer 
than did the DMRIE/DOPE nebulized concomitantly. Thus, 
DMRIE/DOPE appeared more sensitive to denaturation during 
nebulization than did DOSPA/DOPE. 

Nebulization variables that preserve the cationic 
lipid complex 

If cycling through the jets, indeed, caused a generalized de- 
naturation of DNA-DMRIE/DOPE, decreasing the frequency 



of cycling particles through the jets might preserve the com- 
plexes. Two ways of decreasing the reflux frequency are to in- 
crease the reservoir volume and decrease the flow rate. When 
reservoir volume was increased from 5 to 10 ml while main- 
taining the DNA-DMRIE/DOPE concentration, transfection 
activity of the DNA-DMRIE was essentially 100% of the start- 
ing material through the first 3 min and decreased to 50% ac- 
tivity by 20 min (Fig. 4). In contrast, when the reservoir con- 
tained only 5 ml, activity was only 25% of the starting activity 
at 10 min. Moreover, decreasing the volume to I ml caused 
rapid, total degradation of the DNA-lipid. even when fresh 1- 
ml aliquots were added at 3-min intervals (L.A.S., J.L.J., un- 
published observation). These results suggest that the quality 
of the DNA-DMRIE/DOPE complexes was greatly affected by 
volume, possibly due to a change in reflux frequency at the ear- 
lier time points. 

Transfection of nebulized DNA-lipid complexes obtained 
from the PB1600 nebulizer with the flow rate at either 15 
liters/min, 10 liters/min, or 8 liters/min was also evaluated. While 
reducing the compressed air flow rate from 15 to 10 liters/min 
did not change the transfection efficiency of the reservoir con- 
tents (data not shown), decreasing the flow rate to 8 liters/min 
markedly increased the length of time active transfection com- 
plexes could be recovered from the reservoir (Fig. 5 A). 

Lowering the flow rate also lowers the output. It might be 
that, because of the decrease in output at 8 liters/min, by 3 min, 
less material may have circulated through the jets than when 
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FIG. 4. Effect of reservoir volume on DNA-DMRIE/DOPE aerosol delivery in PB1600 SJ. A total of 200 fig of pCMV0gal 
and 800 fig of DMRIE/DOPE were combined in 5 ml of distilled water or, total of 400 /xg and 1.6 mg of DMRIE/DOPE in 10 
ml of water were incubated for 45 min. Suspension was nebulized at 50 psi, 15 liters/min. A sample of 100 fi\ was harvested 
from the reservoir at T = 0, 3, 6, 10, 15, 20, 25, and 30 min. Fifty microliters of this sample was diluted with 450 fi\ of water 
and combined with 2x OPTIMEM; A549 cells were transfected. At 48 hr, cell lysates were harvested and assayed for /3-Gal ac- 
tivity. Results are presented as percent of starting activity, meaning the T = 0 time point ([activity at T = ^/activity of T = 0] X 
100). Data shown are representative of three experiments. 
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FIG. 5. Effect of flow rate on DNA-DMRIE/DOPE aerosol delivered in PB 1600 SJ. A total of 400 fig of pCMV0gal and 1.6 
rng of DMRIE/DOPE were combined in 10 ml of distilled water and incubated for 45 min. A nebulizer with suspension was 
weighed prior to nebulization and suspensions were nebulized at 50 psi, 15 liters/min or 8 liters/min. A sample of 100 fi\ was 
harvested from the reservoir at T = 0, 3, 6, 10, 15, 20, 25, and 30 min and the nebulizer was weighed at each time point to de- 
termine weight loss as output. A total of 100 fx\ of this sample was combined with 400 /il of water, combined with 2X OPTI- 
MEM and A549 cells were transfected. At 48 hr, cell lysates were harvested and assayed for £-Gal activity. Results are pre- 
sented as percent of starting activity, meaning the T - 0 time point ([activity at T = ^/activity of T = 0] X 100). Data shown 
are a compilation of three experiments. A. 0-Gal activity versus time of nebulization, B. Output versus activity. 



the nebulizer is run at the flow rate of 15 liters/min. Thus, trans- 
fection efficiency might only appear greater at 8 liter/min. When 
a direct comparison of the j$-Gal activity and output in 8 
liters/min and 15 liters/min samples was made using a reser- 
voir volume of 10 ml, the /3-Gal activity was greater when flow 



rate was reduced to 8 liters/min (Fig. 5B). For the first 10 min, 
activity recovered from both nebulizers is relatively similar; 
particles contained greater than 80-90% /3-Gal activity. 
Between 10 and 20 min, a difference in j8-Gal activity was seen 
between the two flow rates. For example, when 2.0 ml of out- 
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put was nebulized at either flow rate, the /3-Gal activity was 
greater in the nebulizer run at 8 liters/min (100% vs. 60%). 

To compare the effects of cycling through the jets at 15 
liters/min or 8 liters/min, a small cellophane bag was fitted to 
the nebulizer lid to capture reflux material, while allowing the 
intake straw to remain in the suspension through a small slit in 
the bag. Reflux material was sampled after each cycle through 
the jets. Using a 10-ml reservoir volume and a 15 liters/min 
flow rate, 30% of the /3-Gal activity was lost with one pass 
through the jet. With five passes, activity was decreased to 50% 
of the starting activity. In contrast, using a flow rate of 8 
liters/min, DNA-DMRIE/DOPE maintained its ability to trans- 
feet (100% activity through five passes). Thus, lowering the 
flow rate to 8 liters/min appeared to decrease the damage to the 
DNA-DMRIE/DOPE in the jets without decreasing the total 
output. 

Particle size of nebulized DNA-cationic 
liposome droplets 

pCMV/3gal-DMRIE/DOPE were combined to give a 
DNA: lipid ratio of 1 fig of DNA to 4 /xg, respectively, and the 
complex was labeled with 99m Tc. Four milliliters of labeled 
complexes were added to the reservoir of the PB1600 and neb- 
ulized through an Anderson Sampler; particle size was deter- 
mined. As seen in Fig. 6, although a range of droplet sizes is 
seen, water droplets containing DNA-DMRIE/DOPE com- 
plexes were found mainly in two sizes — 16% of the particles 
were greater than 10 pm, whereas 58% were in a range of 2-0.5 



fxm with an MM AD of approximately 2 /im. Moreover, when 
samples from 0-30 sec were compared to 5-5.5 min, the out- 
put was essentially the same, as determined by the Andersen 
Sampler as well as capture in all-glass impingers (AGI) (data 
not shown). The particles in a size range of 10 jitm and greater 
would be swallowed but the particle size range of 1-2 /xm is 
optimal for the delivery of droplets to the medium and small 
airways (Andersen, 1958; Waldrep ex a!.. 1993b; Vidgren et al. r 
1995). Particles entrained into the aqueous diluent of the AGI 
trans fected A549 cells, suggesting that the aerosol particles con- 
tain active DNA-DMRIE/DOPE complexes (data not shown, 
Schwarz et aL, 1993). 



DISCUSSION 

Cationic liposomal DNA transfer into the lung has been ex- 
plored by others with mixed results (Stribling et aL, 1992; San 
et aL, 1993; Canonico et aL, 1994). In a report by Stribling et 
aL, (1992), the use of 12 mg of DNA-DOTM A/DOPE was nec- 
essary to see transfection of mouse airways. To deliver a sim- 
ilarly proportional dose of DNA-cationic lipid in humans would 
be prohibitive. 

In another animal study, the human a 1 -antitrypsin gene in 
complex with DOTMA/DOPE was nebulized to rabbits via a 
face mask (Canonico et aL, 1994) and gene expression was de- 
termined. Using a dose of 0.5 mg of DNA in complexes with 
DOTMA/DOPE, the human a \ -antitrypsin gene protein and 
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FIG. 6. ""-To studies. pCMV0gal DNA (40 fig) was combined with DMRIE/DOPE (160 Mg) in 1 ml of water and incubated 
at room temperature for 1 hr. DNA-DMRIE/DOPE was labeled with ""Tc as described in Material and Methods. The labeled 
mixture was placed in the PB1600 jet nebulizer, which was attached to an Andersen Sampler. Labeled material was nebulized 
for 30 sec and particles were captured in the AS. The stainless steel plates were counted and particle size was determined. Data 
are presented as percent of the total cpm. The figure represents the mean and standard deviation of four experiments. 
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mRNA were detectable for at least 7 days when delivered by 
aerosol, as determined by Western blot and RNA blot analysis, 
respectively. Immunohistochemistry showed that gene expres- 
sion after aerosol administration tended to be localized on the 
surface of the airways. These studies emphasize the benefit of 
using aerosol for gene therapy to the lung. 

McLachlan et al. (1994) treated mouse lungs by aerosol us- 
ing DN A (266 /xg/treatment) in combination with cationic lipid 
(DOTMA/DOPE). These investigators found that a series of 
five aerosol treatments in 5 days was necessary to observe gene 
expression. By histological staining, expression of the /3-Gal 
gene was primarily observed in the airways for up to 42 days. 
DNA-cationic lipid quality was not assessed in any of these 
previous studies. 

Before the widespread use of aerosol for the purpose of gene 
therapy, it will be important to define fully the parameters that 
govern efficient delivery of DNA-lipid to the lung. We have 
performed a systematic analysis to investigate the most effi- 
cient way to prepare DNA-cationic lipid aerosol for delivery 
to the lung. Initially, we tested nebulizers of different design; 
we present the data of two representative nebulizers. The ATII 
denatured the DNA-DMRIE/DOPE and was, thus, unsuitable 
for nebulization of cationic lipid and DNA. We found that the 
DNA-DMRIE/DOPE was also rapidly degraded in a nebulizer 
similar to that used in the Stribling study, the Marquest Respir- 
gard. Several differences in the two studies should be noted. 
Our study was performed in vitro using DMRIE/DOPE as the 
lipid, and nebulization was performed at the manufacturer's rec- 
ommended flow rate of 6 liters/min. The nebulization proce- 
dure described by Stribling 's group employed a flow rate of 4 
liters/min. The slight decrease in flow rate and lipid composi- 
tion may have allowed the modest delivery of DNA-cationic 
lipid to mouse lungs. The integrity of the nebulized material in 
the Stribling study was not determined. 

It is likely that the system employed by Canonico et al. 
(1994) was more efficient (0.5 mg of DNA), in part, because 
of the animal model; rabbits have larger airways and, by using 
rabbits, a face mask could be utilized. They used a Malinkrodt 
nebulizer and DOTMA/DOPE, a combination that we did not 
test. No analysis as to the quality of the nebulized material was 
made. 

Regarding nebulizer performance, our data suggest that re- 
peated cycling of the DNA-DMRIE/DOPE through the jets 
caused a generalized denaturation of the DNA-DMRIE/DOPE. 
Although not definitive, the data were consistent with a disso- 
ciation of the DOPE from the complex. The most probable ex- 
planation for why the ATII nebulizer more rapidly destroyed 
the DNA-lipid complexes might be the more efficient output 
by this nebulizer at 10 liters/min, and, thus, a greater frequency 
of DNA-lipid cycling through the jets (Waldrep et aL, 1993a). 

Material harvested from the Puritan-Bennett 1600 nebulizer 
produced a consistent pattern of transfection. When the reser- 
voir volume was increased to 10 ml or greater and the flow rate 
was decreased to 8 liters/min, functional integrity of DNA- 
DMRIE/DOPE was maintained in the reservoir for a longer pe- 
riod of time. Each of these modifications may effect nebuliza- 
tion by reducing the frequency at which the DNA-cationic lipid 
complex cycles through the jets (flow rate). Moreover, when 
five successive cycles of nebulization through the jets at a flow 
rate of either 8 or 15 liters/min was analyzed; a greater num- 
ber of active DNA-DMRIE/DOPE complexes remained after 



the five cycles at the flow rate of 8 liters/min. These results 
suggest that the flow rate of 8 liter/min may also decrease the 
physical stress occurring within the jet. 

Although the exact nature of the damage that occurs to the 
DMRIE/DOPE is currently unknown, it is possible that one or 
more of the following may play a role — surface tension of the 
particles or transition temperature of the lipids. Neither pre- 
coating the nebulizer with cationic lipid nor preparing the 
DNA-lipid to provide an excess DMRIE/DOPE or DOPE im- 
proved the activity of the nebulized DNA-lipid complexes, 
suggesting that surface tension may not be the one critical fea- 
ture in lipid denaturation. 

The transition temperature has been shown to affect nebu- 
lizer output; the lower the transition temperature of the lipid, 
the more stable the aerosol (Waldrep et aL, 1993b). Transition 
temperature may be important in our study because the reser- 
voir and output temperatures drop 1 0°C during laboratory neb- 
ulization due to evaporation of water. The transition tempera- 
ture of the lipid is determined by chain length and presence as 
well as by the number of double bonds. For example, the tran- 
sition temperature increases with chain length and degree of 
saturation (for review on lipids and transition temperature, see 
Gennis, 1989). Cooling a lipid below its transition temperature 
affects the fluidity of the lipid, causing the lipid to undergo an 
order-disorder transition; the lipid becomes a more rigid crys- 
talline structure. The actual transition temperature for DMRIE 
has been reported to be 37°C (Feigner et aL, 1994), well above 
the operating temperature of the nebulizer. The temperature of 
DOPE is - 16°C (Avanti Polar Lipids, personal communica- 
tion). In contrast to DMRIE, the transition temperature for 
DOPSA, would be expected to be around 18°C, on the basis of 
chain length and degree of unsaturation. Although the phase 
transition of the combined lipids is not known, it is possible 
that lipids that are closer in transition temperature may be more 
stable, as was seen for DOPSA and DOPE. 

It is also well established that a more stable lipid combina- 
tion is formed when the lipids are similar in degree of unsatu- 
ration and chain length (see Gennis, 1989). Both the DOSPA 
and DOPE components of this lipid combination contain oleic 
side chains (C-18) as well as a similar number of cis double 
bonds. DMRIE contains a chain length of 14 carbons and is sat- 
urated. On the basis of these facts, one would predict that the 
DOTMA/DOPE combination used by Stribling et al. ( 1 993 ) and 
Canonico et al. (1994) may have been more stable, as DOTMA 
and DOPE both contain 18 carbon atoms and a single cis dou- 
ble bond. Possibilities regarding the effects of chain length and 
saturation will be addressed in future investigations. 

As noted by Feigner et aL ( 1994), transfection efficiency de- 
creases with increasing chain length. In contrast, saturation ap- 
peared less important. For example, the 18-carbon, unsaturated 
cationic lipid (DSRIE, l,2-disteryloxypropyl-3-dimethyl-hy- 
droxyethyl ammonium bromide) had less activity than the 14- 
carbon, saturated DMRIE. Indeed, in the absence of nebuliza- 
tion, the more stable lipid combination (DOSPA/DOPE) was 
less efficient at transfection per microgram of DNA than the 
less stable lipid DMRIE/DOPE. Thus, our data using 
DOSPA/DOPE shows the importance of designing lipid com- 
plexes, which have a more stable association, but the chemical 
design must also balance characteristics that will allow efficient 
cellular uptake. 

Curiously, when nebulized DMRIE/DOPE was redissolved 
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and relyophilized before adding DNA, the transfection was re- 
stored and enhanced above the T = 0 time point. Because the 
lipid was nebulized in the absence of DNA for this experiment, 
a concentration of the DMRIE/DOPE complexes in the nebu- 
lizer might have resulted in a lipid excess over the original 
DNArlipid ratio. As mentioned previously, we analyzed the ef- 
fect of excess cationic lipid on transfection efficiency of nebu- 
lized DNA-Iipid combinations, but found no improvement. 
Another interpretation of the data may be that if one lipid com- 
ponent was concentrating more rapidly, a more efficient ratio 
of DMRIE/DOPE might have been formed during re- 
lyophilization. Because the lipids components themselves were 
not available, this hypothesis was not tested. 

The particle size of the output was analyzed by using ""re- 
labeled DNA-DMRIE/DOPE. The particles appeared to be in 
one of two size ranges: greater than 10 /xm or 1-2 /xm. Although 
the larger particles would most likely be swallowed, the 1 - to 
2-^tm range is suitable for delivery to the lower airways 
(Waldrep et aL, 1993b; Vidgren et aL 1995). 

Established methods for measuring the quantity of drug in 
aerosols include capture of output in either an Andersen 
Sampler or by capture in an all-glass impinger (AGI). Drug har- 
vested from the stages of the Andersen Sampler or the diluent 
in the AGI is typically measured by analytical techniques such 
as HPLC (Waldrep et a!.. 1993b). Measuring the effective out- 
put of nebulized DNA-cationic lipid presented technical prob- 
lems. Whereas either DNA or lipid could be directly measured 
by a variety of techniques, the actual quantitation of DNA or 
DMRIE/DOPE would not indicate whether or not the nebulized 
DNA-DMRIE/DOPE would transfect effectively. As shown in 
Fig. 2, high-quality DNA was collected and visible on a gel 25 
min after nebulization, and yet this material did not transfect 
effectively. 

In attempts to gain perspective on a concentration range in 
the output, we utilized the ""Tc data used to analyze the out- 
put yield. We determined that 9% of all available reservoir cpm 
were delivered in 6 min, or 14.4 fig of the total DNA. If we 
assume the material delivered was on average of an efficiency 
of 87.5% (as determined by bioassay), we could have delivered 
as much as 12.6 fig of effective DNA in this timed period. 

There is plenty of room for improving the efficiency of gene 
delivery by the aerosol route. Technical problems that con- 
tributed to poor efficiency in this study included the loss of 
DNA-Iipid on surfaces such as reservoir and corrugated output 
tubing. Attempts to wash the deposited DNA-DMRIE/DOPE 
from various surfaces (glass, polypropylene, polystyrene, stain- 
less steel) were unsuccessful. A valuable contribution to the 
field would be a nebulizer that did not rely on cycling mater- 
ial through the jets and lengths of tubing, much like the action 
of a metered-dose inhaler. 

These experiments demonstrate the pitfalls as well as the fea- 
sibility of delivering genes using cationic lipids to the lung. 
Optimizing conditions for each nebulizer and lipid combination 
are recommended, because flow rate and volume appeared to 
be critical in the delivery of transfection-competent DNA-Iipid. 
Ultimately, the development of standardized conditions may al- 
low patients to have treatment during an office visit as is cur- 
rently done for some asthmatics. If gene therapy for patients 
begins early after the onset of symptoms, a considerable de- 
crease in morbidity and mortality is anticipated. 
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ABSTRACT 

The aim of this study was to devise a simulation aerosol system for quasirealistic gene 
transfection that could eventually be used to study the characteristics of aerosol de- 
livery, stability, delivery efficiency, and expression efficacy of gene products. It con- 
sisted of (1) a PARI aerosol generator and PARI LL jet; (2) an Andersen cascade .m- 
pactor with a calibrated vacuum pump, fitted with a glass ™ 
which stages were seeded with pulmonary cells of interest (e.g., 2-CFSMEo-), and (3) 
a hot room set to 37»C and =70% relative humidity. Cell viability remained at 95% 
to 99%. A prostaglandin G/H synthase (PGH)- and a human ^-antitrypsin (AAT)- 
expressing plasmid, respectively, driven by a cytomegalovirus promoter ( P CMV 4 - 
PGH, pCMV 4 -AAT) and a heat-insensitive placental alkaline P^to^PW- 
expressing plasmid driven by a Rous sarcoma virus promoter (P^V-PAP) were 
employed" cationic liposomes consisted of N-[l-(2 ^^to^gj^ 
trimethylammonium chloride/dioleoylphosphatidylethanolam.ne ! (DO™AjDOPE 
or 3«.[N-(N',N'-dimethylaminoethane)-carbamoyl]-cholesterolA)OPE (DC-Lho»/ 
DOPE) The fluorescent dye Toto-1 was used to visualize aerosol distribution and to 
monitor cellular uptake. Alternatively, pCMV 4 -PGH deposited onto impactor stages 
covered with nitrocellulose membranes was hybridized with random primer- ^-ra- 
diolabeled pCMV 4 -PGH and autoradiographed. The mass median aerodynamic di- 
ameter (MMAD) of the plasmid, liposomes, and liposome-plasmid complexes ana 
their effect on the mass output were monitored. A majority of gene product was de- 
livered to stages 1 through 5, corresponding to an area ranging from the : pharyn* ; to 
the terminal bronchi, excluding the alveolar space. A corresponding, although very 
low, transfection of cells with pRSV-PAP was found, with the majority of transferted 
cells on stages 4 and 5. The MMAD was significantly affected by the presence of the 
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DNA constructs alone or by DNA constructs complexed with cationic liposomes; the 
control phosphate buffered saline (PBS) MMAD of 23 /im increased to 3.5 /im for 
DC-Choi liposomes and 4S ftm for the DC-Chol/PGH complex; DOTMA-based lipo- 
somes and liposome DNA complexes precipitated during aerosolization. Mass output 
was reduced for cationic liposomes from 0.61 g/min (PBS control) to 0.35 g/min. 
Large plasmid (pRSV-PAP, 10.1 kb) was more rapidly degraded by aerosolization 
than smaller plasmid (pCMV 4 -AAT, 6.2 kb), although complexation with cationic li- 
posomes provided some protection in both cases. 

Key words: gene therapy, plasmids, cystic fibrosis, pulmonary diseases, cationic lipo- 
somes, aerosol, lung simulation, cascade impactor 

INTRODUCTION 

Gene therapy is emerging as a clinically viable therapeutic regimen for genetic, neo- 
plastic, and infectious diseases/ 0 A prominent example is cystic fibrosis (CF), a ge- 
netic disease resulting from a mutation of the cystic fibrosis transmembrane conductance 
regulator (CFTR) gene. Partial correction has been accomplished using complementary 
DNA (cDNA) inserted into adenoviral* 2 * or liposome plasmid vectors (3 - 4) delivered to 
the nasal and pulmonary epithelium. CFTR gene expression in the nasal cavity of CF 
patients usin^3jS-[N(^N'-dimethylamm^ 

phatidylethanolamine (DC-Chol/DOPE) liposomes complexed with plasmid CFTR has 
been reported recently . (5) Progress in CF gene therapy using cationic liposomes as carriers 
has been critically reviewed by Schreier and Sawyer. (6) 

Although adenoviral vectors are delivery vehicles per se, plasmid cDN A has been most 
efficiently delivered to date in vitro and in vivo by complexation with cationic lipo- 
somes/ 7 "^ In vivo transfection of mouse lungs using cationic liposomes complexed with a 
reporter plasmid coding for chloramphenicol acetyl transferase has been shown by intra- 
venous injection and intratracheal instillation 0 0) as well as by aerosol delivery. 0 0 

Despite a wealth of in vivo data and the fact that human studies employing cationic lipo- 
some plasmid complexes are ongoing, there is a fundamental lack of understanding regard- 
ing their performance under nebulization conditions. Methodology that facilitates monitor- 
ing of the pulmonary delivery process in a quasirealistic fashion would be desirable. As an 
outgrowth of our studies on the design and characterization of liposome aerosol formula- 
tions/ 12 " 1 ^ we have devised an in vitro system that mimics pulmonary transfection with 
aerosolized liposome DNA complexes under standardized conditions. This system employs 
calibrated aerosol delivery to a cascade impactor, which serves as an artificial "lung," and is 
linked to the aerosol device via a glass "throat." Here, we describe the technical aspects of 
the system, including (1) characteristics of delivery (droplet size, mass output, stability, cell 
viability), (2) pulmonary distribution of liposome DNA complexes using random primer 
32 P-hybridization and Toto-1 (Molecular Probes, Eugene, OR) fluorescent labeled plasmid 
(a cytomegalovirus promoter-prostaglandin G/H synthase [pCMV 4 -PGH]), and (3) expres- 
sion of a model plasmid (promoter Rous sarcoma virus-placental alkaline phosphatase 
[pRSV-PAP]). Although quantitation of these processes has not been attempted here, the 
system could clearly be adapted to yield quantitative information on the efficiency of deliv- 
ery and efficacy of expression. Studies towards this end are now underway. 
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MATERIALS AND METHODS 

Simulated lung (cascade impactor) 

The simulated lung setup is shown in Figure 1 . An Andersen Mark 11 cascade impactor 
(Andersen, Atlanta, GA) was used, as we had gained extensive experience in analyzing li- 
posome formulations with this system before.' 12 ^ The cascade impactor consists of eight 
stages, with the orifice diameter of each stage corresponding to "stages" of the human lung 
from the pharynx to the alveoli. The inlet was fitted with a glass bulb (7 cm <f>) which rep- 
resents the throat of the system. Inspiration air flow was generated by a calibrated vacuum 
pump set at 1 actual cubic foot per minute, corresponding to 28.3 L/min, which is repre- 
sentative of the flow of air during tidal breathing in humans. 

Prior to experimentation, all parts were equilibrated in a hot room set to 37°C and at a 
relative humidity of 65% to 75%. This level of humidity mimics the partial pressure of wa- 
ter vapor in the tracheobronchial tree. Immediately before the system was assembled in the 
hot room, the stainless steel plates covering each stage were partially covered with ultravi- 
olet (UV) sterilized 1-cm 2 microscope cover slips onto which 2-CFSME 0 - cells (see be- 
low) had been seeded. An example of stainless steel plates mounted with microscope cover 
slips upon which cells are seeded is shown in Figure 2. 

After completion of the experiment and disassembly of the impactor, the cells were re- 
turned to 35-mm culture dishes, replenished with 1 mL of media (DMEM/F12), and incu- 
bated for 30 minutes at 37°C in 5% C0 2 , 95% relative humidity. When cells were incu- 
bated for longer than 24 hours, the medium was replaced every 24 hours. 
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FIG. 2. Stainless steel plates of the Andersen cascade impactor seeded with 2-CFSME,- cells on 
I -cm 2 microscope coverslips. 



Aerosolization 
*^ 

A PARImaster compressor (PARI Respiratory Equipment, Inc., Richmond, VA) fitted 
with a PARI LL Jet nebulizer was used. For deposition and delivery studies, the system 
was operated uninterrupted for a total duration of 2 to 5 minutes. In order to assess the 
aerosol performance characteristics of the nebulizer in the presence of plasmid (pCMV 4 - 
PGH), cationic liposomes, and liposome DNA complexes (see below), the plasmid or li- 
posome dispersions were prepared in a 1 60 mmol (-300 mosm) of 5,6-carboxyfluorescein 
(Eastman Kodak, Rochester, NY) solution. The fluorescent mixture was aerosolized (10 
actuations for 3 seconds each, with 5-second intervals), and the amount deposited on the 
glass throat, impactor stages, and the bottom filter was quantitated spectrophotometrically 
at a wavelength of 480 nm. Mass median aerodynamic diameter (MMAD) was determined 
from a plot of size (tun) as determined by the compactor stage orifice versus cumulative 
percentage of undersized mass. Mass output was determined gravimetrically by repeated 
weighing of the amount remaining in the nebulizer following a 1-minute aerosol genera- 
tion. 

v 

Cells and cell viability 

2-CFSMEo- cells, a transformed human bronchial epithelial cell line carrying the F508 
deletion of the CFTR gene,< 17 > were routinely maintained in DMEM/F12 media (Gibco 
Grand Island, NY). Cells were seeded on 1-cm 2 microscope coverslips for transfer to the 
impactor stages (see above) and used at 85% to 90% confluency. The cells were the gener- 
ous gift of Dr. R. Frizzell (University of Alabama, Birmingham, AL). The viability of the 
2-CFSME Q - cells in the cascade impactor was monitored by aerosolizing 4% trypan blue 
solution onto the cells for 10 X 3 seconds with 5-second intervals and by counting viable 
versus nonviable cells in five fields of each plate on each stage. 
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Preparation of cationic liposomes and liposome DNA complexes 

Two types of cationic lipids were employed: N-[l-(23-dioleyloxy)propyl]-N,N,N- 
trimethylammonium chloride <DOTMA)< 7 > and 3£-[N-(N',N'-dimethyl aminoethane)-car- 
bamoyll-cholesterol (DC-Chol) (9) both mixed 1:1 (wt/wt) with DOPE (Avanti Polar 
Lipids, Alabaster, AL). The DOTMA and DC-Choi were generous gifts from Syntex Re- 
search Wo Alto, CA) and Dr. Leaf Huang, (University of Pittsburgh, Pittsburgh, PA), re- 
spectively. 

DOTMA/DOPE liposomes were prepared by dissolving equal amounts of each compo- 
nent (5.5:4.5 DOTMA/DOPE molar ratio) in CHC1 3 , removing the organic phase by roto- 
evaporation, and resuspending the lipid film in sterile double-distilled water under gentle 
swirling. The crude dispersion was agitated on a wrist-action shaker for 1 hour at room 
temperature. Liposomes were reduced in diameter to less than 200 nm by high-pressure 
homogenization with an Emulsiflex-2O,O0O-B3 (Avestin, Ottawa, Canada) using approxi- 
mately 15 cycles at 16,000 psi of N 2 pressure. Liposome size was determined with a 
Nicomp Model 370 laser particle sizer (Particle Sizing Systems, St. Barbara, CA). The fi- 
nal lipid concentration was determined colorimetrically as described elsewhere/ l8) Lipo- 
somes were prepared at a stock concentration of 10 mg/mL (15 junol/mL) total lipid; 
working concentrations were 1 mg/mL or less. Liposomes were stored in glass vials at 4°C 
under nitrogen. 

DC-Chol/DOPE liposomes were produced by mixing equal amounts of each component 
(6:4 DC-Chol/DOPE molar ratio) in CHC1 3 , followed by rotoevaporation and dispersion in 
water as above. The flask was briefly sonicated to ensure removal of all lipid from the ves- 
sel wall, and hydration was continued in the refrigerator overnight before the preparation 
was homogenized as above. 

The liposome size was measured by laser particle sizing (Nicomp Model 370; Particle 
Sizing Systems) and showed diameters in the range of 200 to 300 nm for both DC- 
Chol/DOPE and DOTMA/DOPE liposomes. 

Cationic liposome DNA complexes were prepared by combining liposomes and plas- 
mid solutions dropwise under gentle swirling, following dilution of both components with 
water. Typically, final concentrations were 540 /xg lipid mixed with 180 p,g of plasmid in 
a minimum volume of 2.2 mL of water (necessary volume for a 2-minute continuous 
aerosolization in the PARI LL Jet). 

To determine the retention of the physical characteristics of the cationic liposomes 
alone as well as of liposome DNA complexes during aerosolization, the aerosol mist es- 
caping from the nebulizer (without the cascade impactor connected) was collected in ice- 
cold 50-mL centrifuge tubes for laser particle sizing as described for liposomes above. 

Plasmids 

An ovine PGH-containing plasmid and a human ori-antitrypsin (AAT)-containing plas- 
mid, driven by a cytomegalovirus (CMV) promoter, pCMV 4 -PGH at 7.5 kb and pCMV 4 - 
AAT at 6.2 kb, respectively, were constructed. 19 Plasmids were replicated in Escherichia 
coli strain NM522 and purified using Quiagen Gigapreps (Qiagen, Chatsworth, CA) ac- 
cording to the manufacturer's protocol. Purity of plasmids and integrity of the cDNA in- 
serts were determined by electrophoresis using \% agarose gels. Gels were stained with 
0.5 mg per 100 mL of ethidium bromide and photographed with a DS 34 Polaroid Direct 
Screen Instant Camera (Polaroid Corp., Cambridge, MA). The plasmid coding for heat-in- 
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sensitive PAP (10.1 kb, driven by pRSV) was the generous gift of Dr. Lloyd Culp (Case 
Western Reserve University, Cleveland, OH). It was replicated and purified as above. This 
plasmid (pRSV-PAP) was used to generate visual images reflecting PAP expression effi- 
cacy of cells on the cascade impactor stages. 

To determine plasmid integrity during nebulization, aerosol was collected as described 
above, and 1 % agarose gel electrophoresis of the collected material as well as of samples 
removed from the nebulizer jet was performed and compared with that from an untreated 
control and with DNA standards. A positive control was generated by sonicating aliquots 
for 1 minute in a concentric bath sonicator (Laboratory Supplies, Hicksville, NY). 

Fluorescent labeling of PCMV4-PGH 

Plasmid was labeled with the dimeric cyanine nucleic acid stain Toto-1 in 40 mmol of Tris 
acetate, pH 8.0, containing 2 mmol of EDTA. DNA (1 mg/mL) was added to a one-tenth dilu- 
tion of the dye at a ratio of 1 :3 vol/vol, precipitated with Na acetate and ethanol, collected by 
centrifugation, washed with 70% ethanol, and resuspended in Tris acetate buffer at a concen- 
tration of 0.5 mg/mL. Integrity of the labeled plasmid was determined by electrophoresis in 1 % 
agarose gel. The pattern of plasmid delivery to the individual stages of the impactor was visu- 
alized by depositing the aerosol on saran wrap coating the stainless steel stages; the wrap was 
transferred to a UV plate reader, and the fluorescent pattern emitted was photographed with a 
DS 34 Polaroid Direct Screen Instant Camera (Polaroid Corp., Cambridge, MA). To determine 
the extent of-cellular delivery, coverslips were removed from the stages following aerosol ex- 
posure, briefly washed with phosphate buffered saline (PBS), and examined microscopically 
with a Nikon Diaphot Phase Contrast-2 EL WD 03 fluorescence microscope (Nippon, Tokyo, 
Japan). 

Hybridization of pCMV 4 -PGH 

To determine further the efficiency of delivery of the delivered gene product, plasmid de- 
posited on the impactor stages was transferred onto nitrocellulose membranes, denatured, and 
neutralized using standard conditions. Denatured DNA was fixed to the membranes by UV 
cross-linking prior to hybridization. Hybridization was performed with random primer- 32 P-ra- 
diolabeled pCMVVPGH at 45°C. Membranes were washed stringently and autoradiographed. 

PAP staining 

To determine the transfection efficacy, heat-insensitive PAP, the expression product of 
pRSV-PAP, was analyzed. The presence of PAP is indicated by purple-black coloration of 
the cells, which was photographed for documentation as above (4X and 10X magnifica- 
tion). Following each aerosolization cycle, the cascade impactor was disassembled as 
rapidly as possible, and the cells were returned to the incubator. Cells were incubated for 
48 hours with one change of medium at 24 hours and then analyzed for PAP expression. 
The coverslips were washed three times at 4°C with PBS prior to fixation with formalde- 
hyde/glutaraldehyde 2%/0.2% in PBS at 4°C for 5 minutes. Cells were washed again three 
times with PBS at room temperature. Then, 1 mL of PBS was added and the cells were in- 
cubated at 65°C in a water bath for 30 minutes to degrade endogenous alkaline phos- 
phatase; PAP was detected by staining for 30 minutes at 37°C with a staining solution con- 
sisting of 1 mL of 40 mg/mL X-phosphate (5-bromo-4-chIoro-3-indolyl phosphate) in 
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dimethylformamide, I mL of 40 mg/mL p-nitro blue tetrazolium in 50% dimethylfor- 
mamide, and 38 mL of 0.1 -mol Tris HCl t pH 10.0. Cells were washed in PBS prior to 
microscopic inspection for purple-black staining. 

RESULTS 

; Cell viability 

2-CFSMJv cells showed no distress due to the deposition in the cascade impactor and 
the aerosolization procedure; viability as determined by trypan blue exclusion was 95% to 
99% on all stages. 

Aerosol performance characteristics 

The PARImaster and PARI LL Jet generated an aerosol MMAD of 2.3 /im (69.3% < 
5,8 /im) and a mass output of 0.614 ± 0.010 g/min under standard conditions (PBS). As 
listed in Table 1, performance characteristics were greatly influenced by the presence of 
canonic liposomes and liposome DNA complexes, respectively, with MMAD increasing 
to 3.5 /urn and 4.5 pxn for DC-Chol/DOPE liposomes and DC-Chol/DOPE liposome DNA 
complexes, respectively. The mass output of DC-Chol/DOPE liposomes decreased to 
0.347 ± 0.008 g/min. DOTMA/DOPE liposomes and their complexes with DNA precipi- 
tated. 

Plasmid stability 

Plasmid stability was a factor of both plasmid size and complexation with cationic lipid. 
As can be seen in Figure 3 A, the relatively large pRSV-PAP (10.1 kb) was readily de- 
stroyed while circulating through the nebulizer orifice, although the smaller pCMV 4 -AAT 
(6.3 kb) appeared to remain intact during the entire 5-minute aerosolization time (Fig. 3C). 
The various bands seen indicate that the plasmid existed in at least three forms (three 
bands on agarose gel), which were most likely a dimeric, open circular, and supercoiled 
form. No additional bands were formed during the aerosolization. pRSV-PAP was signifi- 

Table 1. Performance Characteristics of the PARI LL Jet Aerosouzer in 
the Presence of Cationic Liposomes and Cationic Liposome DNA Complexes 



Mass median Mass 



Type of lipsomel 
lipsome-DNA complex 


aerodynamic diameter 


Output 


(lim) 


% < 5.8 fjm 


(g/min)(n = 5) 


PBS (control) 


2.3 


69.3 


0.614 ± 0.010 


Plasmid (pCMV 4 -PGH) 


3.0 


64.3 


Not done 


DC-Chol/DOPE (5 mg/mL) 


3.5 


65.3 


0.347 ± 0.008 


DC-Chol/DOPE/plasmid 


4.5 


62.3 


Not done 


DOTMA/DOPE (5 mg/mL) 


a 


a 


Not applicable 


DOTMA/DOPE/plasmid 


a 


a 


Not applicable 



"Precipitation. 



FIG. 3. Stability of plasmid during aerosolization with a PARI LL Jet. (A) pRSV-PAP (10. 1 kb) 
alone. Lanes: (1 ) DNA standard; (2) plasmid control; (3-7) aerosolized for 1, 2, 3, 4, and 5 minutes; 
(8) plasmid remaining in nebulizer reservoir. (B) pRSV-PAP-DC-Chol/DOPE (3:1 w/w) complex. 
Lanes as for (A). (C) pCMV 4 -AAT (6.2 kb) alone. Lanes as for (A). (D) pCMV 4 -AAT-DC- 
Chol/DOPE (3: 1 wt/wt) complex. Lanes as for (A). Agarose gels (1 %) were stained with 0.5 mg per 
100 mL of ethidium bromide. 
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FIG. 4. Delivery pattern and efficiency of delivery as shown by plasmid hybridization. To deter- 
mine the relative efficiency of delivery on each stage, pCMV 4 -PGH plasmid was deposited onto ni- 
trocellulose membranes on the impactor stages, denatured, and neutralized using standard condi- 
tions. Hybridization was performed with random primer- 32 P-radiolabeled pCMV 4 -PGH at 45°C, and 
membranes were autoradiographed (see Materials and Methods section). 




FIG. 5. Relative efficiency of plasmid delivery on each stage as shown by fluorescence photogra- 
phy. pCMV 4 -PGH was labeled with Toto-1 and complexed with DC-Chol/DOPE liposomes (see 
Materials and Methods section). Impactor stages 1 through 7 and bottom plate containing a filter 
disc (F) were covered with saran wrap; the fluorescent pattern was photographed following transfer 
of the wraps to a U V plate reader. 
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cantly protected when complexed with DC-Chol/DOPE liposomes as seen in Figure 3B. 
Although this is also true for pCMV 4 -AAT as indicated by lane 8 of Figure 3D (i.e., the 
residual aerosol remaining in the reservoir after a 5-minute aerosolization), there was no 
aerosol collected from the mouth of the PARI LL Jet, indicating that the material had 
likely precipitated in the reservoir and was not circulating through the nebulizer. 

Relative efficiency of plasmid delivery 

Plasmid was efficiently delivered to all stages of the impactor, except stages 6 and 7 
(i.e., corresponding to the alveolar space). This was shown by both hybridization experi- 
ments (Fig. 4) as well as by deposition of plasmid-intercalated fluorescent dye (Toto-1) 
onto saran wrap coating the impactor stages (Fig. 5). Deposition was in a regular pattern 
which was determined by the arrangement of the impactor stage orifices. The distinct ra- 
dioactive "ring" around the inlets of stages 0 and 1 indicates that substantial tracheal and 
pharyngeal deposition would occur under the aerosol conditions employed here. 

Intracellular delivery ofpRSV-PAP to and expression in 2-CFSME c - cells 

When Toto-1 -labeled pCMV 4 -PAP complexed with DC-Chol/DOPE liposomes was 
aerosolized onto 2-CFSMEo- cells, intracellular fluorescence was abundant (not shown). 




FIG. 6. Transfection of pRS V-PAP in 2-CFSMEo- cells upon aerosolization of the plasmid com- 
plexed with DC-Chol/DOPE liposomes and staining (see Materials and Methods section). Examples 
from stage #2 (A) and stage #4 (B) are shown. A significant number of cells expressed the transgene 
Transfection was found on stages 0 through 5 (pharynx to terminal bronchi) but not on the stages 
representing the alveolar space. (A) This example shows several cells expressing PAP aligned in a 
circular fashion, probably reflecting the circular contact area with an aerosol droplet Magnification 
are 4X (top panels) and 10X (bottom panels). 
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Autofluorescence was clearly differentiated from bright images generated by the labeled 
plasmid product. 

The abundant presence of intracellularly delivered plasmid did not translate into corre- 
sponding levels of exuberant transfection, however. As shown in Figure 6, transfection can 
be seen in a fair number of cells and appears to be located in areas where aerosol droplets 
were deposited onto the cell layer (see example on the left-hand side of Fig. 6). Although 
transfection efficiency within these distinct areas was estimated to be in the range of 10% 
to 15%, overall, the fraction of transfected cells was minute (l%-2%), and this was found 
independent of the lipid mixture (DC-Chol/DOPE or DOTMA/DOPE) employed. 



DISCUSSION 

A cascade impactor fitted with a glass throat and seeded with cells has been utilized to 
mimic pulmonary delivery and cellular uptake of a plasmid gene product complexed with 
cationic liposomes. The aim of this study was to design an in vitro system that would even- 
tually allow assessment and comparison of the performance characteristics of various gene 
drug products under controlled, reproducible, and quasirealistic test conditions. A vital 
component was the availability of a hot room set to 37°C and a maximum relative humid- 
ity of approximately 75%. Under these conditions, the cells remained viable for the dura- 
tion of the experiment (total time elapsed until cells were returned to the culture medium 
was approximately 20 minutes). It shoukTbe noted that the viability was assessed under ac- 
tual experimental conditions, that is, the vital stain was aerosolized onto the cells rather 
than added as solution following completion of the experiment. 

The relative efficiency of delivery to the stages of the artificial lung as well as that of in- 
tracellular delivery to target cells was assessed with a plasmid-intercalated fluorescent dye 
(Tou>l ). The use of noncovalently bound dyes as a measure for nuclear uptake of plasmid 
has encountered skepticism, as dissociation of label from the DNA carrier complex and 
concomitant false-positive labeling of endogenous DNA by nuclear migration and ge- 
nomic intercalation of diffusible dye is likely to occur. It should be noted that the dye was 
used here solely as a reporter for intracellular delivery. No quantitation or nuclear delivery 
of the plasmid product is claimed on the basis of these data. 

The hybridization experiment (see Fig. 4) confirms the "pulmonary" distribution of 
plasmid seen with the fluorescent marker (see Fig. 5). It should be noted that the appear- 
ance of inhomogeneous deposition of aerosol onto some of the stainless steel plates is an 
artifact of the manipulation associated with transfer and handling of the membranes. 

Although the extent of expression, especially the estimated 10% to 15% of cells ex- 
pressing within the perimeter of deposition of aerosol droplets, is within the range of ex- 
pression that has been seen with these and comparable systems in vitro, the question as to 
what the reason is for the glaring discrepancy between cellular uptake and nuclear expres- 
sion (see Fig. 6) remains unanswered. To date, it is unclear whether the rate-limiting step 
is cellular uptake, endosomal release, intracellular trafficking, nuclear uptake, intranuclear 
transcription and translation, or a combination thereof. This issue is discussed in more de- 
tail by Schreier and Sawyer. (6) 

An obvious limitation of the simulation system is the fact that the calibration of the 
stages reflecting specific layers in the lung is controlled by the inspiratory flow generated 
by a calibrated vacuum pump. Hence, changes in inspiration (e.g., due to obstruction), can- 



11 



SCHREIER ET AL. 



not be evaluated with this system. Also, the unidirectional flow does not take into account 
events occurring during exhalation. Furthermore, the irregular deposition (as dictated by 
the arrangement of the stage orifices, see Figs. 4 and 5) onto a limited amount of fluid layer 
on the cell surface may not reflect a less hindered lateral diffusion of the aerosol droplet 
upon inhalation in the lung; therefore, this may contribute to an underestimation of trans- 
fection efficacy. Planned modifications of the simulation system include (1) comparison of 
normal bronchial cells with mutant cells such as the 2-CFSMEo- cells used here; (2) seed- 
ing with relevant cell types at the corresponding stages (e.g., epithelial, type ri, alveolar 
macrophages); (3) addition of surfactant (bronchoalveolar lavage fluid) and mucus coat- 
ing; (4) testing of different nebulizers and aerosol configurations; (5) testing of different li- 
posome formulations, lipid concentrations, and lipid:plasmid ratios; (6) toxicity testing, in- 
cluding effects of endotoxin and quantification of cytokine release; and (7) development of 
quantitative methods. Also, to fully validate the simulation system, a head-to-head com- 
parison with an analogous in vivo study would be desirable. 

We submit that the simulation system presented here may aid in the effort to elucidate 
the fate of gene products upon delivery to the lung and thus may help us to understand and 
rationally perfect gene delivery systems. 
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